ELECTRONIC CIRCUITS NAYSHIPS — 900.000. 102 POWER SUPPLIES 
SECTION 4 
POWER SUPPLY CIRCUITS 
PART A. ELECTRON-TUBE CIRCUITS 
SINGLE-PHASE, HALF-WAVE RECTIFIER. 
APPLICATION. 
The single-phase, half-wave rectifier is used in all 
types of electronic equipment for applications requiring 
high-voltage de at a low load current. The rectifier circuit pri 


can be arranged to furnish negative or positive high-voltage 
output to the load, 


9 


CHARACTERISTICS. 
Input to circuit is ac; output is pulsating dc. 
Uses nigh-vacuum or gas-filled electron-tube diode 


Output requires filtering; d-c output tipple frequency is 
equal to primary line-voltage frequency. 

Has poor regulation characteristics, 

Circuit provides either positive- or negative-polarity 
output voltage. 


CIRCUIT ANALYSIS. 

General. The single-phase, half-wave rectifier is one 
of the simplest types of rectifier circuits. The circuit con~ 
sists of a rectifier (diode) in series with the alternating 
source and the load. Since the rectifier conducts in only | 
one direction, electrons flow through the load and through i Ie H 
the rectifier once during each complete cycle of the impress- 5 ( 
ad vohege, Rectifier conduction occurs only during the 
interval of time the plate is positive with respect to the 8 
filament (cathode), Thus, the electrons flow through the 
load in pulses, one pulse for each positive half cycle of 
the impressed voltage. 

Circuit Operation. In the accompanying circuit sche- 
matic, parts A and B illustrate an electron-tube diode, Vi, 

Jing be gle-phase, half-wave rectifier circuit. Basic Single-Phase, Half-Wave Rectifier Circuits 


basic single 


connected to ground (chassis); the circuit illustrated in part 
B is commonly used asa positive high-voltage supply with 
the negative terminal of the load connected to ground. 


The operation of thal twave rectifier circuit can be 
‘ 


dfrom the waveforms given in the accompanying 


art A, the Ep-ip characteristic curve for the rect- 


appli 


ifier is given. When high-voltage ac 
tectifier circuit, electrons flow through the tube md the 
load whenever tne plate is nnsitive with respect to the 
filament or cathode; the amount of current is determined by 
are adequately insulated irom one anvinel the choracteristic curve of the tube. Part A of the allustra- 
and that the simultaneous application of plete and filament tion shows that for each positive half cycle of tne applied 
vgn aEE to the tube is permissible. voltage, a current pulse passes through the rectifier, the 

if i i fi and the secondary winding of the transformer, Tl. For 
each negative half cycle of the applied voltage, the plate 
is negative with respect to the filament or cathode and no 

is obtained, Thus, the electrons flow through 

icuit in pulses, to sroduce a py 


wavetorm aS snown in part A OF thé iiiuswation. 
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Waveforms for Half-Wave Rectifier Circwit 


In part B of the illustration, voltage waveforms for the 
half-wave rectifier circuit are given. ‘The primary winding 
of transformer T) is connected to an a-c source, represented 
ds waveform €pr;. The transformer, Tl, increases the pri- 
marty voltage to a higher value in the secondary winding by 
step-up transformer action, The purpose of the small 
secondary winding of T1 (or T2) is to supply voltage to 
the filament of rectifier tube V1. The alternations of the a-c 
source, epri, are applied to the primary of the transformer 
and induce a voltage, sec, in the secondary winding of the 
transfomer. The wavefomn illustration shows a 180-degree 
change in phase between the primary (epn} and secondary 
(esec) voltages because of transformer action and the fact 
that the secondary-output voltage Is an induced voltage. 
Since the transformer is a step-up transformer, the amplitude 
of the secondary voltage, esec, is greater thon the applied 
ptimary voltage, epri. The induced secondary voltage, esec, 
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is applied across the rectifier and the load. On positive 
half cycles of esec, Current passes through the rectifier 

and the load resistance, producing an output voltage, eo, 
across the load resistance. The output voltage eo, has a 
pulsating waveform which results in on irregularly shaped 
tipple voltage; the frequency of the ripple voltage is the 
same as the frequency of the a-c source. Because the output 
voltage and current are not continuous, the half-wave 
tectifier drcuit requires considerable filtering to smooth out 
the tipple and produce a steady dc voltage. 

The half-wave rectifier utilizes tronsformer T1 during 
only one half of the cycle; therefore, for a given transformer 
less power can be developed in the load than could be dev- 
eloped if the transformer were utilized for both halves of the 
cycle. Thus, if a considerable amount of power is to be 
developed in the load, the half-wave transformer must be 
telatively large compared with a transformer in which 
both halves of the cycle are utilized. This disadvantage 
limits the use of the transfomer-type half-wave rectifier 
circuit to applications which require a relatively small load 
current. Since the d-c load current passes through the 
secondary winding in only one direction, the laminated-iron 
core of the transformer tends to become maqetized. This 
effect is called d-e core saturation and reduces the effect- 
ive inductance of * «transformer. The net effective in- 
ductance with the< ore saturation effect present is 
known as tronsforme © remental Inductance. Thus, trans- 
former incremental indu.ance is reduced as the d-c load 
current is incteased. The resultant effect is to decrease the 
primary countet emf to a greater degree and thereby increase 
the load component of primary current. Therefore, the 
effictency of the transformer isreduced, and the regulation 
of the circuit is impaired, 

The half-wave rectifier, assuming half sine waves as 
the waveform for the output voltage, eo (unfiltered), pro- 
duces the following root-mean-square voltage: 


Emme = Cmax x 0.707 
2 


where: Emax =maximum instantaneous voltage. 
The corresponding average output voltage is: 
Eay = 0.45 Exms 
Similarly, the root-meon-square ond average output currents 
can be expressed as: 


=) mar X 0.707 
2 


Irma 


and: Say = 0.45 Inms 
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The peok inverse voltage of a rectifier tube is defined 
as the maximum instmtmeous voltage in the direction 
opposite to that in which the rectifier is designed to pass 
current, The peak inverse voltage across the rectifier in a 
half-wave rectifier circuit during the period of time that the 
tube is nonconducting is approximately 2.83 times the ms 
value of the traisfomer secondary voltage. The peak in- 
verse voltage con be expressed as: 

Eins 2083 Ere : 
where: Eyma = transformer secondary (or applied) voltage 

The output of the rectifier circuit is connected to a sult- 
able filter circuit, to smooth the pulsating direct current for 
use in the load circuit. (Filter circuits are discussed in 
part D of Section 4.) 


FAILURE ANALYSIS. 


No Output. 4 
no-output condition is likely to be limited to one of three 
possible causes: c detective rectifier tube (open 
the lack of applied ac voltage, or a shorted load 
(including shorted filter-circuit components). 

A visual check of a glass envelope rectifier tube can 
be made to determine whether the filament is lit; if the 
filament is not lit, it may be open or the filament ve!ltage 
may not be applied. The tube filament should be checked 
for continuity; also, the presence of correct filament volt- 
age at the tube socket should be determined by measure- 
ment. 

The a-¢ secondary voltage, eeec, should be measured 
at the terminals of transformer T] to determine whether 
the woitage is present and ol avtrect value. Ti necessary, 
measure the applied primary voltage, eps, to determine 
nether it is present ond of the correct value. With the 
primary voltage removed from the ciroul!, continuity ‘resis- 
tance) measurements of the primary and secondary windings 
should be made to determine whether one of the windings is 
oper, Since an open (discontinuity) in either winding wil! 
cause a lack of secondary voltage. Aiso, continuity mea- 
surements should be made between euch transioimer secon- 
dary terminal and the corresponding tube socket or load 
terminal to determine whether either one of these two leads 


is open, 

With the primary voltage removed from the circuit, re 
sistance measurements can be made at ihe output temminals 
of the rectifier circuit factass load) to determine whether 


@i circuit may y depending 
of the ohmmeter, Therefore, two measurements must de 


with the tect lends raverean ar ine circuit 


{s then accepted as the measured value. A short in the 
components of the filter circuit or in the load wil! cause an 
excessive lood current to flow. [f the rectifter tube is 
high-vacuum type, the heavy load current will o 
plate to become heated and areddish giow when the 
a oxceaded and, if allowed io continue, 


TecLher 1S USED if We CICUL, G ueuvy Cuicin Geetwue 


ORIGINAL 


900,000. 102 POWER SUPPLIES 
will likely result in damage to the tube, because gas-filled 
rectifiers are more susceptible to damage from current over- 
load than are high-vacuum rectifiers. 

Low Output. The rectifier tube should be checked to 
determine whether the cause of low output is low filament 
emission. The load cutrent should be checked to make sure 
that it is not excessive, because the half-wave rectifier 
circuit hos relotively poor regulation and a decrease i 
put voltage can be caused by an increase in load current 
(decrease in load resistence}. Also, the ac secondary 
voltage, @sec, and the primary voltage, epri, should be 
measured at terminals of transformer T1 to determine whether 
these voltages are present and of the correct value. Short 
ed tums in either the primary or secondary windings will 
cause the secondary voltage to measure below normal. 
Shorted tums cre not easily detected by resistance mea- 
surement: a voltage measurement isa more reliable indica- 
tion. If the transformer losses (due to shorted tums) are 
excessive, the transformer may alsc become overheated, 
Another check to determine whether the transformer is 
detecuve is to disconnect the secondary load {s) and mea- 
sure the primary current with the transformer unloaded; ex- 
cessive primary current isan indication of shorted tums. 
Still nother check is to disconnect all primary and secon- 
dary leads from the transformer terminals and make mea- 
surements between the individual windings andthe core, 
using an ohmmeter or a Megget {insulation tester), to de- 
termine whether any of the windings are shorted to the core 
or to the Faraday shield (noise-teduction shield between 
primary and secondary). 


SINGLE-PHASE, FULL-WAVE RECTIFIER. 


APPLICATION. 

The single-phase, full-wave rectifier is commonly used 
in all types of electronic equipment for applications re- 
guiting high-voltage de at a relatively high load current. 
The rectifier circuit can be arranged to fumish negative or 
positive high-voltage output to the load, 


CHARACTERISTICS. 

Input to circuit is ac; output is pulsating de. 

Uses two high-vacuum or gas-filled electron-tube diodes 
as tectitiers, or one twin-diode rectifier. 

Output requires filtering; d-c output ripple frequency is 
twice the primary line-voltage frequency. 

riGs good feguiution era oeles 


antDut voltage, 
Uses power iranslormer with center-tapped, high-voltage 
Secondary winding. 


most common type of rectifier circuit used in electronic 
equloment: The circuit consists of a high-voltage trans- 


former with a center-tapped secondary winding. One plate 
of the rectifier tube (s} is content ts to one end of ne 
transformer secondary, and th 


the other end. ‘Ti 
wap’ § 
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the secondary winding and the filament (cathode) of the 
rectifiers (s). Since the secondary winding is center-tap- 
ped, the voltage developed in each half of the secondary 
winding is in series with theother half; therefore, only one 
rectifier plate is positive at any instent. As a result, 
electrons flow through one haif ci the secondary winding, 
the load, and a rectifler diode on each half cycle of the 
impressed yoltage, with first one diode conducting then 
the other. Thus, the electrons flow through the load in 
pulses, one pulse for each half cycle of the impressed 
voltage. 


Circuit Operation, In the accompanying circuit schematic, 


part A illustrates a “’full-wave’’ twin-diode rectifier, V1, 
used in a basic single-phase, full-wave rectifier circuit. 
The rectifier circuit uses a single transformer, Tl, to step 
up the alternating-source voltage to a high value in each 
half of the secondary winding. The filament of tube Vl is 
operated from a low-voltage secondary winding located on 
the same transformer core with the high-voltage secondary. 
The low-voltage secondary winding is center-tapped ond is 
the mid-point of the filament (cathode) circuit to which the 
Joad is connected. The circuit given in part A is typical 
of plate-voltage and bias supplies designed to meet medium 
power requirements such as those found in communication 
receivers and transmitters, audio amplifiers, radar sets, etc. 

The rectiffer circuit given in part B is shown with two 
separate transformers; Tl is a step-up transformer to obtain 
high voltage in each half of the secondary winding, and T2 
is a step-down transtormer to obtain the correct filament 
voltage for the operation of the two rectifiers, V1 and V2. 
The circuit is fundamentally the same as that given in part 
A, The separate transformer arrangement pemnits the primary 
voltage to be applied to transformer T2 independent of, and 
prior to, the application of primary voltage to T] so that the 
rectifier fllaments may be heated to the normal operating 
temperature before the plate voltage is applied. Although 
provision for a time delay in the application of plate voltage 
is not too important in the case of high-vacuum rectifiers, 
atime interval to pemit preheating of the filament is usually 
necessary for gas-filled rectifiers. The circuit arrangement 
given in part B is typical of high-voltage, dc supplies de- 
signed for use in radar sets and communication transmitters. 

In the two Circuits illustrated, either terminal of the 
load may be placed at ground potential, depending upon 
whether a positive or negative dc output is desired, 

The operation of a full-wove rectifier circuit can be 
understood from the simplified circuit schematics (parts A 
and B) ond the waveforms (part C} given in the accompanying 
illustration. 

This circuit requires two rectifier diodes ond a trans- 
former with a center-tapped secondary winding. Each end 
terminal of the secondary winding (terminals A ond C} is 
connected to a rectifier plate, as shown in the simplified 
circuit schematic. Since only one half of the secondary 
winding ts in use at any one time, the total secondary volt- 
age (enec) must be twice the voltage that would be required 
for use with a half-wave rectifier circuit (previously de- 
sctibed). 
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Basic Single-Phase, Full-Wave Rectifier Circuits 


The part of the secondary winding between terminals A 
and B, (ep1) shown in the schematic of part A, may be con- 
sidered a voltage source that produces a voltage of the pol- 
arity given in the illustration. This voltage is applied in 
series with the load resistance between the plate and cathode 
of the rectifier, V1. During one half cycle, time interval 
@ (part C of the illustration ), the plate of Vi is positive 
with respect to its cathode; therefore, electrons flow in the 
direction indicated by the arrows on the schematic of part 
A. Thus, during the time interval a, an output voitage is 
developed actoss the load resistance. Also during this half 
cycle, the voltage produced across the part of the secondary 
winding between terminals B and C (ep,) is negative; there- 
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fore, the piate of V2 is negative with respect to its cathode, 
and V2 is nonconducting. 

During the next half cycle, time interval b (part C of the 
illustration), the polarity of the voltage is reversed. The 
part of the secondary between terminals 8 and C {ep2), 
shown in the schematic of part 8, produces a voltage of 
the polarity given in the illustration. “This voltage is applied 
in series with the load resistance between tne pluie und 
cathode of the rectifier, V2, During time interval b (part © 
of the illustration), the plate of VZ is positive with respect 
to its cathode, and electrons flow in the direction indicated 
by the arrows on the schematic of part 8. Thus, during ime 
interval », cn output voltage is developed across the load 
resistance. Alsc, during this halt cycle, the voitaye pro- 
duced across the nart of the secondary winding between 
terminals A and 5 (ep,) 18 negative and, therefore Vi is 
nonconducting. Prom the waveforms given in part C, it can 
be seen that only one rectifier conducts at any instant of 
time: thus, or alternate halt cycles, electrons flow through 
the load resistance to produce a pulsating output voltage, 
@o. This output voltage has a pulsating wavetorm which 
regults in an ittegulerly sheped ripple voltage because the 
output voltage andcurrent are not continuous; the frequency 
of the ripple voltage is twice the frequency of the ac 
source, The full-wave rectifier circuit requires filtering to 
smooth out the ripple and produce c st dec voltage. 


The full-wave rectifier circuit utilizes the tans+ 
former (T1) for a greater percentage of the input cycle than 
the half-wave rectifier, because there are two pulsations 
of current in the output for each complete cycle of the applied 


altemating voltage. Therelue, the fill-wave ie 


cuit is more efficient, has less sutput 


arcu 
of the secondary winding on uliemate 
in opposite directions in each hati of 
windings ae electrically equal ( 
another, the current passes 
of the secondary winding and then in the other direction for 
the other half: thus, there is no tendency : 
core to become permanently magnetized. Furtherme 
station occurs, the effective indu e 
© transformer remains relatively high. As a 
mstormer has much higher elluciency than me 
aced in a halfwove rectifier circuit. 
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half of the transformer secondary, or 1.41 times the ms 
voltage across the entire secondary. The peak inverse 
voltage con be expressed as; 

Etav = 2,83 Ems 


where: Ems = tms voltage across half of transformer 
secondary 

ot, Pinyin 140 Eis 

where: Erma = fms voltage across entire trmsformer 
secondary 


The output of the full-wave rectifier circuit is connected 
to a suitable filter circuit to smooth the pulsating direct 
current for use in the load circuit. (Filter circuits are dis- 
cussed in part D of this section.) 


FAILURE ANALYSIS. 

No Output. In the full-wave rectifier circuit the no- 
Output condition is likely to be limited to one of three 
possible causes: defective rectifier tube or tubes (open 
filaments), the lack of applied ac voltage, or a shorted load 
circuit (including shorted filter-circuit components). 

A visual check of glass-envelope rectifier tube (s) can 
be made to determine whether the filament is lit; if the 
filament is not lit, the filament of the tube is likely to be 
open or the filament voltage may not be applied. The tube 
filament(s) should be checked for continuity; the presence 
of correct filament voltage at the tube socket should be de- 
termined by measurement. 

The ac secondary voltage applied to each rectifier plate 
should be measured between the secondary center-tap and 
each rectifier plate to determine whether voltage is present 
and of the correct value. If necessary, measure the applied 
Primary voltage to determine whether it is present ad of 
the correct value. With the primary voltage removed from the 
Circuit, continuity (resistance) measurements of the primary 
winding should be made to detennine whether the winding is 
open, since an open (discontinuity) in the primary winding 
will cause a lack of secondary voltage. 

With the primary voltage removed from the circuit, re- 
sistance measurements can be made at the output terminals 
of the rectifier circuit (actoss load) to determine whether 
the load circuit, including filter, is shorted. If the filter 
circuit incorporates an electrolytic capacitor, the resistance 
measurements made across the output of the rectifier cir- 
cuit may vary depending upon the test-lead polarity of the 
ohmmeter. Therefore, two measurements must be made, 
with the test leads reversed at the circuit test points for 
one of the measurements, to determine the larger of the two 
resistonce measurements. The larger resistance value is 
then accepted as the measured value. A short in the com- 
ponents of the filter circuit or in the load will cause am ex- 
cessive load current to flow; if the rectifier-tube type is a 
high-vacuum type, the heevy load current will cause the 
plate to become heated andemit a reddish glow when the 
plate dissipation is exceeded and, if allowed to continue, 
may result in permanent damage to the tube. If a gas-filled 
rectifier is used in the circuit, excessive load current will 
likely result in domage to the tube because gas-filled 
rectifiers are more susceptible to damage from current over- 
load than are high-vacuum rectifiers. 
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Low Output. The rectifier tubes) should be checked 
to determine whether the cause of low output is low filanent 
emission. Also, since the full-wave rectifier circuit nomally 
supplies current to the load on each half cycle, failure 
of either rectifier or an open in either nalf of the secondary 
winding will allow the circuit to act as a half-wave rectifier 
circuit, and the output voltage will be reduced accordingly. 
Furthermore, whenever this occurs, the tipple amplitude 
will also increase, and the tipple frequency will be that of 
the a-c source (instead of twice the source frequency). In 
the case of two separate rectifier tubes, if one tube is lit 
and the other is not, the trouble is obviously associated with 
the tube that is not lit. 

With the primary voltage removed from the circuit, re 
sistance measurements can be made to check the continuity 
between the center-tap and each rectifier plate; this will 
determine whether one of the windings or plate leads is 
open. Asan altemative, the a-c secondary voltage applied 
to each rectifier plate can be measured between the secon- 
dary centet-tap and each rectifier plate to detennine whether 
both voltages are present and are of the correct value. 

The primary voltage should pe measured to determine 
whether it is of the correct value, since a low applied pri~ 
tary voltage can result in a low secondary voltage. Also, 
shorted tums in either the primary or secondary windings 
will cause the secondary voltage to measure below normal. 
Shorted turns are not easily detected by resistance measure- 
ment; a voltage measurement is a more reliable indication. 
If the tronsformer losses (due to shorted tums) are excessive, 
the transformer may also become overheated. Another check 
to determine whether the transformer is defective is to dis- 
connect the secondary load(s) and measure the primary 
current with the transformer unloaded; excessive primary 
Current is an indication of shorted tums. Still another check 
is to disconnect all primary and secondary leads from the 
transformer and make measurements between the individual 
windings and the core, using cn ohmmeter or a Meager (in- 
sulation tester), to determine whether any of the windings 
are shorted to the core or to the Faraday shield (noise 
reduction shield between primary and secondary). 

The rectifier-output current ( to the filter circuit and to 
to the load) should be checked to make sure that it is within 
tolerance and is not excessive. A low-output condition due 
to a decrease in load resistence would cause an increase 
in load current; for example, excessive leakage in the cap- 
acitors of the filter circuit would result in increased load cur- 
tent. 


SINGLE-PHASE, FULL-WAVE BRIDGE RECTIFIER. 


APPLICATION. 

The single-phase, full-wave bridge rectifier is used in 
electronic equipment for applications requiring high-voltage 
de at ahigh load current. The rectifier circuit can be 
arranged to fumish negative or positive high-voltage output 
to the load, although the circuit is commonly used as a 
positive hign-voltage power supply in most applications. 
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CHARACTERISTICS. 


Input to cirouit is ac; output is pulsating dc. 

Uses four high-vacuum or gas-filled electron-tube diodes 
as rectiliers, or iM diodes and one twin-diode as rectifiers. 

Output requires £ filtering; de output tipple frequency is 
twice the primary line-voltage frequency. 

Has good reguiation characteristics. 

Circuit provides either positive or neaative-polarity 
output val tage. 

Requires three sepcrate filament transfomers or separate 
filament windings for rectifier tubes. 

Uses power transformer with sincle high-voltage second- 
ary winding; modified circuit to supply two output voltages 
simultaneously uses transformer with centertapoed, high- 
voltage secondary winding. 


CIRCUIT ANALYSIS. 


General. The single-phase, futl-wave pndge rectilier 
circuit uses two half-wave rectitier tubes in series on each 
side of a single tramsformer high-voltage secondary winding 
(the transformer secondary winding does not require a center 
tap); a total of four rectiHiers are used in the bridge circuit. 
During each half cycle of the impressed a-c voltage, two 
rectifiers, one at each end of the secondary, conduct in 
series to produce an electron flow through the load. Thus, 
electrons flow through the load in pulses, one pulse for 
each half cycle of the impressed voltage. Since two dc 
output pulses are therefore produced for each complete in- 
put cycle, full-wave rectification is bicined and the 
put is similar to that of the conventional fuil-wave rectifier 
circuit. 

One advantage of the bridge rectifier circuit over a con- 
ventional full-wave rectifier is that for a given transformer 
total-secondary voltage the biidge circuit produces an out- 
put voltage which is nearly twice that of the full-wave cir- 
cuit. Another advantage is that the peak inverse voltage 
across on individual rectifier tube, during the period of time 
the tube is nonconducting, is approximately half the peak in- 
verse voltage across a tube in a conventional full-wave rec- 
tifier circuit designed to produce the same output voltage. 
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One disadvantage of the bridge rectifier circuit, however, 

is that at least three filament transformers (or three separate 
windings) are required for the rectifiet tubes. 

In many power-supply applications, it is desirable to 
provide two voltages simultaneously -- one voltage for high- 
Power stages and the other voltage for low-power stages. 
For these applications the single-phase, full-wave bridge 
to sunnly an additional out- 
put voltage which is equal te one half of the voltage pro- 
vided by the full-wave bridge rectifier circuit. 

Cirevit Operation, A single-phase, full-wave bridge 
Tectifier is shown in the accompmying circuit schematic. 
Four identical-type electron-tube diodes, V1, V2, V3, md 
V4, are connected in a bridge circuit ceross the secondary 
winding of transformer Tl, Each tube forms one am of 
the bridge circuit; the iogd is connecied between the junction 
points of the balanced oms of the bridge. Transformer Tl 
is a step-up transformer to provide high voltage for the 
diidge tectifiers. The Cirouit given s shows three separate 

Hlament tonsformers, 12, T3, and Asingle {ila 
iransformer may be used, provided thet it incorporates three 
separate filament secondary windings that are well insulated 
from each other and from ground (chassis). Note that the 
filaments of V1 ond V2 are at the same potential with re- 
spect to each other, whereas the filaments of V3 md V4 
are not. The filaments of V3 and V4 are connected to op- 
posite ends of the high-voltage secondary ond therefore 
Operate at the full potential difference that exists across 
the secondary of Tl; thus, if the filaments of V3 and V4 
were supplied by a single transformer winding, the common 
connection would place a short aemes the hiah-voltage 
secondary winding, The filaments of V3 and V4 must, 
therefore, be insulated from each other and must also be 
well insulated from ground. In either case, whether three 
separate filament transformers or a single filoment trans- 
former with multiple secondary windings is used, the filament 
primary voltage is applied independent of, and prior to, 
the primary voltage to Tl. This arrangement permits the 
rectifier filaments to be preheated to the normal operating 
temperature before the high voltage is applied to the bridge- 
rectifier Grouit. 


tifa 
tectifiet ci 
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Basic Single-Phase, Full-Wove 
Bridge Rectifier Circuit 


The circuit arrangement given in the illustration permits 
either terminal of the load to be placed at ground potential, 
depending upon whether a positive of negative d-c output 
is desired. The circuit is typical of high-voltage, d-c 
supplies designed for use in radar sets and communication 
transmitters, 

The operation of the full-wave bridge rectifier circuit 
can be understood from the simplified circuit schenatic 
(parts A and B ) and the waveforms (part C) shown in the 
accompanying illustration. The basic bridge rectifier 
schematic, given earlier in this discussion, has been 
simplified and redravm in the the form of a simple bridge 
circuit; the rectifier tube reference designations used 
correspond to those assigned in the basic bridge rectifier 
schematic. The bridge circuit uses four identical-type 
rectifiers. The end terminals of the transformer high-vol- 
age secondary winding are connected to opposite cathode- 
Plate junction points of the rectifiers comprising the arms 
of the bridge circuit, as shown, The load is connected 
between the remaining two cathode-plate junction points 
of the bridge circuit. 
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During the first half cycle, the tansformer secondary 
winding (terminals A and B), shown in the schematic of 
Part A, may be considered a voltage source that produces 
a voltage of the polarity given in the illustration. During 
time interval a, terminal A is positive with respect to ter- 
minal B; as a result, electrons will flow in the direction 
indicated by the arrows through the series circuit composed 
of rectifier V4, the load, and rectifier V1. This electron 
flow produces an output pulse of the polarity indicated 
across the load resistance. Also, during this period (time 
interval a), V2 and V3 are nonconducting. 

During the next half cycle, time interval b, a secondary 
voitage is produced of the polarity given in part 8 of the 
illustration. Terminal B is positive with respect to terminal 
A; as a tesult, electrons will flow in the direction indicated 
by the arrows through the series circuit composed of recti- 
fier V3, the load, and rectifier V2. The electrons flowing in 
the series circuit once again produce an output of the same 
polcrity as before across the load resistance. During this 
period (time interval b), V1 and V4 are nonconducting. 
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From the waveforms given in part C, it can be seen 
that two rectifiers conduct at any instant of time; thus, 
on alternate half cycles, electrons flow through the load 
resistance to produce a pulsating output voltage, @o. This 
Output voltage has a pulsating waveform, which results in 
an irregularly shaped ripple voltage because the output 
voltage nd current are not continuous; the frequency of the 
tipple voltage is twice the frequency of the a-c source. The 
full-wave bridge rectifier circuit requires filtering to smooth 
Gut the ripple and produce a steady d-c voltage. 

The full-wave bridge rectifier circuit makes continuous 
use of the transformer secondary; therefore, there are two 
pulsations of current in the output for each complete cycle 
of the applied a-c voltage. The d-c load current passes 
through the entire secondary winding, flowing in one direc- 
tion for one halt cycle of the applied voltage, and in ihe 
opposite direction for the other half cycle; thus, there is 
no tendency for the transformer core to become permanently 
magnetized. Since little d-c core saturation occurs, the 
effective inductance of the tursiormer, and therefore the 
efficiency, is relatively high. 

The full-wave bridge rectifier, assuming a series of 
half sine waves as the waveform for the output voltage, 
eo (unfiltered), produces the following root-mean-square 
voltage: 


Erms 2 Emax x 0.707 
whete: Emax = maximum instantaneous voltage 
The cotresponding average output voltage is: 
Egy = 0.9 Enns 
Similarly, the root-mean-square and average output currents 


Irma = Imax x 0,707 

and: Tay = 0.9 lrms 

The peak inverse voltage across an individual rectifier 
in a full-wave bridge rectifier circuit during the period of 
time the tube is nonconducting is approximately 1,41 times 
the mms voltage across the secondary winding. The secon- 
dary voltage, sec, is applied to two rectifier tubes in 
seties; therefore, since less peak inverse voltage (approxi- 
mately one half) appears across each tube, the bridge cir- 
cuit can be used to obtain a higher output voltage than con 
be obtained from a conventional full-wave rectifier circuit 
using equivalent rectifier tubes. The peak inverse voltage 
per tube can be expressed as: 

Etny (per tube) = 1.4] Erms 

where: Ems = Mms voltage across entire secondary 

the output ot the full-wave bridge r inidai 
to that of the conventional! full-wave rectitier circuit. ine 
bridge rectifier provides twice the output voltage for the 
same total transformer secondary voltage and dc output 
curtent as does the luli- wave cectif 
tapped secondary. The output of the or 
is Connected ta a suitable filter circuit 19th the pul- 
satiny direct current for use in the load {Pilter 
circuits are discussed in tne latter part of this section.) 

A Variation of the full-wave bridge rectifier circuit 
uses a transformer with a center-tapped secondary winding 

© supply two output voltages simultoneously to two separate 

poe The circuit is fundamentally the same os ect qiven 


iit using ¢ cantor 


ge rectifier circuit 
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transformets and associated filament circuitry. The reference 
designations previously assigned remain unchanged. 


Simplified Full-Wave Center-Tap and Full-Wave 
Bridge Rectifier Circuit 


One advantage of the circuit is that two voltages may 
be supplied from the same set of rectifiers. One ouput 
voltage (Eay) is obtained from the output of the bridge 


circuit; the second output voltage ow which iseqid to 


one half of the bridge output voltage, is obtained by using 
two rectifiers, V3 and V4 of the bridge, and the center tap 
of the secondary winding as a conventional full-wave 
tectifier circuit. (The operation of the full-wave rectifier 
circuit was previously described in this section.) Although 
this circuit variation can supply two output voltages simul- 
taneously to two separate loads, there is a limitation on 
the total current which can be carried by the rectifiers, V3 
and V4, 


FAILURE ANALYSIS. 

No Ourput. In the full-wave bridge rectifier circuit, 
the no-output condition is likely to be limited to one of 
several possible causes: an open filament supply circuit, 
defective rectifier tubes, the Lack of applied o-c voltage, 
or a shorted load circuit (including shorted filter-circuit 
components). 

A visual check of glass-envelope rectifier tubes can 
be made to determine whether the filaments are lit. If the 
filaments are not all lit, the primary voltage may not be 
opplied to the filament transformers (T2, T3, and T4). 

If only the filaments of V1 and V2 are not lit, there will 
be no d-c output from the rectifier circuit, and transformer 
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T2 or both tubes may be defective. The tube filaments 
should be checked for continuity; the presence of correct 
filament voltage at the tube sockets (V1 and V2) should be 
determined by measurement. [{ necessory, the primaty ad 
secondary voltages snoulc be checked at the terminals of 
transformer T2 to determine whether the transformer is 
defective. 

The a-c secondary voltage, esec, should be measured 
at the terminals of transformer T1 to determine whether the 
voltage is present ond of correct vahe. If necessary, 
measure the applied primary voltage, epri, te determine 
whether it is present and of the correct value. With the 
primary voltage removed from the circuit, continuity measure- 
ments of the primary and secondary windings should be made 
to determine whether one of the windings is open, since an 
apen (discontinuity) in either winding will cause a lack of 
secondary voltage. 

With the orimary voltage renoved from the circuit, re- 
sistance measurements can be made at the output termi~ 
nals of the rectifier circuit (actoss load) to determine 
whether the load circuit, including filter, is shorted. A 
shott in the components of the filter circuit or in the load 
will cause an excessive load current to flow. If the recti+ 
fiers me of the hign-vacuum type, the heavy load current 
will cause the plates of the rectifiers to become heated and 
emit a reddish glow when the plate dissipation is exceeded 
and, if allowed to continue, may result in permanent damage 
to the tubes. The high-voltaye bridge circuit normally 
employs gas-filled rectifiers; an excessive load current will 
very likely result in permanent damage to the tubes because 
they are susceptible to damaye from current overload. There- 
fore, once the difficulty in the load circuit has been located 
and corrected, the gas-filled rectifiers may require replace- 
ment as a result of the overload condition. 

Lew Output. The rectifier tubes should be checked to 
determine whether the filaments are lit; one or mote defect- 
ive rectifiers in the bridge can cause the low-output con- 
dition. Also, failure of only one rectifier in the bridge 
will allow the circuit to act as a half-wave rectifier with 
current supplied to the load on alternate half cycles only, 
and the output voltage will be reduced accordingly. If 
tectifier tube V1 or V2 is not lit, the trouble is obviously 
associated with the tube that is not lit; however, if V3 or 
V4 is not lit, then the trouble may be either the tube (V3 or 
V4) or its associated filament transformer (T3 or T4). The 
tube filament should be checked for continuity; the presence 
of correct filament voltage at the tube socket should be 
determined by measurement. If necessary, the primary and 
secondary voltayes should be checked at the terminals of 
the filament transformer (T3 or T4) to determine whether 
the transfcrmer is defective. 

The load current should be checked to make sure that 
it is not excessive, becouse a decrease in output voltage can 
be caused by an inctease in loed current (decrease in load 
tesistance); for example, excessive leokaye in the capacitors 
of the filter circuit would result in increased load current. 
Also, the o-c secondary voltage, ese, and the primary 
voltage, 2p: uid he m e terminals of trans- 
former T1 tc determine whether these voitages are of the 
carect value. Shorted turns in either the primary or secon- 
dary windings wili cause the secondary voltage to measure 
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below normal. Shorted turns are not easily detected by re- 
sistance measurement; a voltage measurement is a more 
telioble indication. If the transformer losses (due to shorted 
turns) are excessive, the transformer may also become over- 
heated. Another check to determine whether the transformer 
is defective is ta disconnect the secondary load (s) and 
measure the primary current with the transformer unloaded; 
excessive primary current is an indication of shorted turns. 
Still another check is to disconnect all primary and secondary 
leads from the transformer and make measurements between 
the individual windings and the core, using an ohmmeter or 

a Megger (insulation tester), to determine whether any of 

the windings are shorted to the core or to the Faraday shield 
(noise-teduction shield between primary and secondary). 


THREE~PHASE, HALF-WAVE (THREE-PHASE STAR) 
RECTIFIER. 


APPLICATION, 

The three-phase, half-wave star or wye-connected 
tectifier is used in electronic equipment for opplications 
where the primary a-c source is three-phase and the d-c 
power requirements exceed 1 kilowatt. The rectifier circuit 
can be arranged to furnish negative or positive high-voltage 
output to the load, 
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CHARACTERISTICS. 

Input to circuit is three-phase ac; output is de with 
amplitude of ripple voltage less than that for a single-phase 
tectifier, 

Uses three high-vacuum or gas-filled electron~tube 
diodes as rectifiers. 

Output is relatively easy to filter; d-c output ripple 
frequency is equa) to three times the primary line-voltage 
frequency. 

Has good regulation characteristics. 

Circuit provides either positive- or negative-polarity 
output voltage. 

Uses multiphase power transformer with star- or 
wye-connected secondaty windings; primary windings may 
be either delta- or wye-connected. 


CIRCUIT ANALYSIS. 

General. The three-phase, half-wave (three-phase star) 
rectifier is the simplest type of three-p hase rectifier 
circuit. The term three-phase refers to the primary a-c 
source, which is the equivalent of three single-phase 
sources, each source supplying a sine-wave voltage 120 
degrees out of phase with the others. Fundamentally, 
this rectifier circuit resembles three single-phase, half- 
wave rectifier circuits, each rectifier circuit operating from 
one phase of a three-phase source and sharing a common 
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load. The voltages induced in the transformer secondary 
windings differ in phase by 120 degrees; thus, each half- 
wave rectifier conducts for 120 degrees of the complete 
input cycle and contributes one third of the d-c current sup- 
plied to the load. Electrons flow through the load in pulses, 
one pulse for each positive half cycle of the impressed 
voltage in each of the three phases; therefore, the output 
valtaye has a tipple frequency which is three times the 
frequency of the a-c source. 

Circuit Operation. A basic three-phase, half-wave rect- 
ifier is illustrated in the circuit schematic on page 4-A-11. 
The circuit uses a three-phase transformer, Tl, to step up 
the alternating source voltage to a high value in the star- or 
wye-connected secondaries. The primary windings of 
transformer T] are shown delta-connected, although in some 
instances the primary windings may be wye-connected 
(as for a three- or four-wire system). The plate of each rec- 
tifier tube, V1, ¥2, and V3, is connected to o high-voltage 
secondary winding. One filament transformer, TZ, is used 
to supply the filament voltaye to all three rectifiers since 
the filaments of the rectifiers are ail at the same potential. 
The primary of transformer T2 is connected to one phase 
of the three-phase source. The load is connected between 
the junction point of the wye-connected secondary windings 
and the filament circuit of the rectifier tubes, 

In the circuit illustrated, either terminal of the load 
may be placed at ground potential, depending upon whether 
O positive or negative d-c output is desired. 

The operation of the three-phase, half-wave rectifier 
Circuit con be understood from the circuit schematic pre- 
viously given and from the waveforms shown in the accom- 
Panying illustration. 

Each phase of the three-phase secondary voltage is 
applied across a rectifier and the common load. The se- 
condary voltage of phase No.1 (esecl) is applied to recti- 
fier V1, the secondary voltage of phase No.2 (€sec2) is 
applied to rectifier V2, and the secondary voltage of phase 
No.3 (esec3) is applied to rectifier V3. The waveform 
given in the accompanying illustration as esec shows each 
of the three secondary voltages dispiaced 120 degrees from 
each other. On positive half cycles of esecl, electrons 
flow through the load and rectifier V1; the pulse of plate 
current for rectifier V1 is identified in the illustrotion as 
the waveform, Vl ip. On positive half cycles of esec2, 
electrons flow through the load and rectifier V2; the pulse 
of plate current for V2 is identified as V2 ip. On positive 
half cycles of esec3, electrons flow through the load and 
rectifier V3; the pulse of plate current for V3 is identified 
as V3ip. From the three individual plate-current waveforms 
it con be seen that the start of « conduction period for ony 
tectifier occurs 120 electrical degrees from the start of a 
conduction period for another rectifier in the circuit. The 
output voltage, eo, actoss the load resistance is determined 
by the instantaneous currents flowing through the load; 
therefore, the output voltage has a pulsating waveform 
which never drops to zero because of the nature of the 
rectifier conduction periods. 

If it were not for the overlapping of applied three-phase 
secondary voltages, the rectifiers would each conduct for 
180 degrees of the cycle; however, during the first 30 de- 
grees of a half cycle, the plate of the rectifier is negative 
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Three-Phase, Half-Wave Rectifier Yaveforms 


with respect to its positive filament (cathode), and it will 
not conduct until the positive voltage applied to the plate 
exceeds the d-c output voltage pulsations present across 
the load and at the filament circuit. Also, during the last 
D degrees of a half cycle, the plate is again negative with 
Tespect to the filament, and rectifier conduction ceases 
because the rectifier of another phase has started to conduct 
and produce a positive voltage across the load. In other 
words, each rectifier tube conducts for only one-third cycle, 
and this results in a series of d-c output voltage pulsations 
with an irregularly shaped ripple voltage; the frequency 

of the tipple voltage is equal to three times the frequency 
of the ac source. Because the ripple frequency is higher 
than that of a single-phase rectifier circuit, the three-phase, 
half-wave rectifier circuit requires less filtering to smooth 
out the tipple and produce a steady d-c voltage. 

In order to keep d-c core saturation to a minimum 
(because of current flowing in one direction only in the 
Secondary windings) and to keep the efficiency relatively 
high, it is necessary to use a single three-phase transform- 
er in this circuit, rather than three separate single-phase 
transformers. 
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The three-phase, half-wave rectifier produces across 
the load a pulsating (unfiltered) d-c output voltage, Eav, 
as follows: 

Eay = 1.17 Erms 
Erme = Ims voltage across one secondary 
winding of three-phase transformer 

The peck inverse voltage acToss on individual rectifier 
in the three-phase, half-wave rectitier circuit during the 
period of time the tube is nonconducting is approximately 
2.45 times the rms voltage across the secondary winding 
of one phase. Some pulsating d-c voltage is always present 
across the load, and this voltage is in series with the a-c 
voltage applied to the plate; therefore, the sum of the in- 
stantaneous value of pulsating d-c voltoye across the load 
and the instantaneous oeak voltaue across the secondary 
represent the value of peak inverse voitage across the 
tectifier tube. The peak inverse voltage per tube can be ox- 
pressed as: Einy (per tube) = 2.45 Erms 
= rms voltage across one secondary 

winding of the three-phase transformer 

The output of the three-phase, half-wove rectifier cir- 
cuit is connected to a suitable filter circuit to smocth the 
pulsating direct current for use in the load circuit. {Filter 
circuits are discussed in part D of this section.) 


where: 


FAILURE ANALYSIS. 

No Output. In the three-phase, half-wave rectifier 
circuit, the no-output condition is likely to be limited to 
one of several possible causes: the lack of a-c filament 
supply, the lack of applied a-c high voltage, or a shorted 
load circuit (including shorted filter components}. 

A visual check of the glass-envelope rectitier tubes 


con easily be made to deter: 


e whether ql! flaments are 


lit; if they are not lit, the filament voltage should be mes 
sured at the secondary terminals ot transformer T2. If 
necessary, measure the applied primary voltage to deter- 
mine whether it is present amd of the correct valuc. With 
the primary voltage removed from the circuit, continuity 
(resistance) measurements of the primary and secondary 
windings should be made to determine whether one winding 
is open. since an open winding (primary or secondary) will 
couse a lack of flloment voltage. 


With the primary voltage removed from the circuit, 
continuity (resistance) measurements should be made of 


the secondary ond p! 


ary windings, to determine whether 


re windings are open 


and whether the cation 


t S 
oad circuit. if necessary, the a-c secondafy voltage 
dts 


to the i 
plied to the rectifier plates may be measure: 
the © common terminal of the wye-connected secondaries 


and the plate of one or mote rectifiers, 19 determine whether 


d between 


g 


voltage is present and of the correct value. Also, 

sary, measure the applied three-phase primary voltay 

determine whether it is present and of the correct value. 
‘Nith the primary voltage removed from. the circuit, 


resistance measur 


minals of the rectifier circuit (across load) to deterr 
whether Ue es yeu ee filter, is shorte: 
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load current will cause the plate of the rectifiers to become 
neated and emit a reddish glow when the plate dissipation 
is exceeded and, if allowed to continue, may result in per- 
manent damage to the tubes. If yas~filled rectifiers are 
used in the circuit, excessive load current will result in 
permanent damage to the tubes because gas-filled rectifiers 
are very susceptible to damage from current overlocd. 
Therefore, once the difficulty in the load circuit has been 
located and corrected, the gas-filled rectifiers will require 
replacement as a result of the overload condition. 

Low Output. If only one or two phases of the three- 
phase, half-wave rectifier circuit are operating normally 
the output voltage will be lower than normal. For example, 
if only one secondary winding and associated rectifier is in 
operation, the effect is the same as though it were a single- 
phase, hall-wave rec 
outout voltage is much lower than normal. 


i CitCuit uid, as a Tesult, the 

When two phases 
are operating, the output voltage is somewhat higher and, 
when all three phases ate operating, the output is normal. 
Thus, the low-output condition can be due to the tact that 
one ot more secondary-phase circuits are not functioning 
normally. 

The rectifier tubes should be checked first to determine 
whether al! filaments are lit. All rectifier filaments are in 
parallel; therefore, if one filament is not lit, the trouble 
is obviously associated with this particular tube. The 
tube filament should be checked for continuity; the presence 
of correct filament voltage at the tube socket should be 
determined by measurement. 

With the three-phase primary voltage removed from 
the circuit, continuity measurements should be made of a 


secondary and primary windings, to determine whether one 
for more) of the windings is open. 


If necessary, the a-c 
secondary voltage applied to each rectifier plate may be 
measured between the common terminal of the secondary 
wye connection and the piate of each rectifier, to determine 
whether voltage is present ond of the correct value. Also, 
if necessary, measure the applied ihree-phase primary 
voltage at each of the phases, to determine whether each 
voltage is present and of the correct value, since a low 
applied primary voltage can result in a {ow secondary vol- 
tage. 

Shorted turns in either the primory or secondary wind- 
inas will cause the secondary voltage to measure below 
normal. i sennnect all secondary leads from the transformer, 
Tl, and measure the primary current in each leq nf the three 


excessive 


voltage indication: all leads should be disconnected ion f 
The Tronetoarmer ana mensirements mage oetween tre ind: vi- 
indings and the core, using an ohmmeter or a Megger 


Widtion tester}, & detemaine whether any of the windings 


Ur 
are shorted to the core. 

The rectifier-output current (to the filter circuit and to 
dhe cherkad to make sure that it is within 
clerance and is not excessive. A low-o julpat condition 

9 decrease in locd resistemce would cause an increase 
excessive leakage in tne cupa- 
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Rectifier Circuit 


THREE-PHASE, FULL-WAVE (SINGLE ‘‘Y” SECONDARY) 
RECTIFIER. 


APPLICATION. 

The three-phase, full-wave rectifier with single-wye 
Secondary is used in electronic equipment for applications 
where the primary a~c source is three-phase ond the d-c 
output power requirements are relatively high. The rectifier 
Circuit can be arranged to furnish either negative or positive 
high-voltage output to the load. 


CHARACTERISTICS. 

Input to circuit is three-phase ac; output is dc with 
amplitude of ripple voltage less than that for a single- 
phase rectifier. 

Uses six high-vacuum or gas-filled electron-tube diodes 
as rectifiers. 

Output requires very little filtering; d-c output 
tipple frequency is equal to six times the primary line- 
voltage frequency. 

Has good regulation characteristics. 

Circuit provides either positive- or negative-polarity 
output voltage. 
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Requires separate filament transformers or separate 
filament windings for rectifier tubes. 

Uses multiphase power transformer with wye-connected 
secondary windings; primary windings may be either 
delta- or wye-connected. 


CIRCUIT ANALYSIS. 

General. The three-phase, full-wave (single-wye 
connected secondary) rectifier is extensively used where a 
large amount of power is required by the load, such as for 
large shipboard or shore electronic installations. The 
term three-phase refers to the primary o-c source, which is 
the equivalent of three single-phase sources, each source 
supplying a sine-wave voltage 120 degrees out of phase 
with the others. Because of the three-phase transformer 
secondary configuration, the circuit is sometimes referred 
to as ¢ bridge or six-phase rectifier circuit. 

In many power-supply applications, it is desirable to 
provide two voltages simultaneously—one voltage for high- 
Power stages and the other voltage for low-power stages. 
For these applications the three-phase, full-wave rectifier 
circuit can be modified to supply an additional output 
voltage, which is equal to one half of the voltage provided 
by the full-wove rectifier circuit. 
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Circuit Operation. The basic three-phase, full-wave 
rectifier circuit is illustrated in the accompanying circuit 
schematic. The circuit uses a conventional three-phase 
power transformer, T1, to step up the altemating source 
voltage to a high value in the wye-connected secondaries. 
The primary windings of transformer T1 are shown delta- 
connected, although in some instances the primary windings 
may be wye-conmected (as for a three- o7 four-wi stem). 
The piote of rectifier Vi and the filament (cath of 
rectifier V6 are connected to secondary terminal No. 1 of 
transformer T1; the plate of rectifier V2 and the filament of 
rectifier V4 are connected to secondary terminal No. 2; the 
plate of rectifier V3 and the filament of rectifier V5 are 
connected to secondary terminal No. 3. 

One filament transtormer, T2, is used to supply the 
filament voltage to rectifiers V1, V2, amd V4, since the 
filaments of these rectifiers are all at the same potential. 
However, since the filaments of rectifiers V4, V5, and V6 
have a high potential difference existing between them, 
three separate filament transformers (T3, T4, and T5) are 
used. A singjie filament transiormer may be used for this 
purpose, provided that it incorporates three separate fila- 
ment windings that are well insulated from each other and 
ground (chassis). The primary windings of filament trans- 
formers T3, T4, and T5 are connected to different phases 
of the three-phase source. The a-c voltage for the primaries 
of the filament transformers is applied independent of, and 
prior to, the primary voltage to the three-phase power 
transformer, Tl. A time-delay arrangement, either manu- 
ally operated or automatic, normally permits the rectifier 
Hlomenis ibe preheuied io ihe nome! operatin 
ature before the high-voltage ac can be applied to the 
rectifier circuit. 

The circuit arrangement given in the illustration 
permits either termina! cf the load to be placed at ground 
potential, depending upon whether a positive or negative 
d-c output is desired; however, the circuit is commonly 
arranged for a positive d-c output, with the negative 
output terminal at ground (chassis). The circuit is typical 
of high-voltage d-c supplies designed for use in radar sets, 
communication tronsmitters, or other equipment for which 
the d-c power requirement is several kilowatts or more. 

The operation of the three-phase, full-wave rectifier 
circuit can be understood from the simplified circuit 
schematics (parts A through F) and the waveforms given in 
the accompanying illustration. The basic three-phase, 
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full-wave rectifier schematic, given earlier in this 
discussion, has been simplified to show the circuit action 
throughout the electrical cycle; the reference designations 
used correspond to those assigned in the basic circuit 
schematic. 

The voltages developed across the secondary windings 
of transformer Tl are 120 degrees out of phase with 
relation to each othe: and are constantly changing in 
poiarity. The polarities indicated for the secondary wind- 
ings in the simplified circuit schematics (parts A through 
F) of the accompanying illustration represent the 
instantaneous polarity of the induced voltages in the sec- 
ondary. The arrows on the schematics are used to indicate 
the directions of electron flow in the circuit. 

The plates of rectifiers V1, V2, and V3 are connected to 
secondary windings No. !, No. 2, and No. 3, respectively; 
the filaments (cathode) of rectifiers V6, V4, and V5, are 
connected to secondcry windings No. 1, No. 2, and No, 3, 
respectively. When the plates of V1, V2, and V3 are 
positive with respect to their filaments, the tubes will 
conduct; when the filaments of V4, V5, and V6 are negative 
with respect to their plates, these tubes will conduct. At 
any given instant of time in the three-phase, full-wave 
rectifier circuit, a rectifier, the load, and a second recti- 
fier are in series across two of the wye-connected trans- 
former secondaries and, therefore, two rectifiers are con- 
ducting. Each of the six rectifiers conducts for 120 
degrees of an electrical cycle; however, there 1s an over- 
lap of conduction periods, and the rectiflers conduct in a 
sequence which is determined by the phasing of the 
insiqntaieous secondary voltages of the power transformer. 
Inthe circuit described, two rectifiers are conducting at 
any instant of time, with rectifier conduction occurring in 
the following order: V) and V4, V1 and VS, V2 and V5, 
V2 and V6, V3 and V6, V3 and V4, V1 and V4, etc. 

Refer to the secondary-voltage waveform, @sec, shown 
in the accompanying illustration. Assume that the oc volt- 
age induced in secondary No. 1 (between 30 and 90 
electrical degrees, phase No. 1) is approaching its max- 
imum positive value (at 90 degrees); also, the voltage 
induced in secondary No, 2 has reached its maximum neg- 
ative value (at 30 degrees) and is decreasing. (Secondary 
No. 3, although positive at 30 degrees, is decteasing to 
zero.) This condition ts shown by the simplified schematic 
of part A in the accompanying illustration. The plate of 
rectifier V1 becomes positive with respect to its filament 
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(cathode), and the filament of rectifier V4 is negative with 
respect to its plate; therefore, both tubes conduct, and the 
electrons flow through V4, the load, and V1 for 60 degrees 
of the electrical cycle. 

In part B, the a-c voltage induced in secondary No. 1 
reaches its maximum positive value (at 90 degrees) and 
starts to decrease during the next 60 degrees of the 
cycle; the voltage induced in secondary No. 3 1s approach: 
ing its maximum negative value. The plate of V1 remains 
positive with respect to its filament, and the filament of 
V5 becomes negative with respect to its plate; therefore, 
V1 continues to conduct and V5 takes over conduction from 
V4, with V1 and V5 conducting in series with the load. 
Electrons flow through VS, the load, and V1 for another 
0 deqrees of the cycle. 

in part C, the a-c voltage induced in secondary No. 3 
reaches its maximum negative value and the positive volt- 
age in secondary No. 2 is increasing. The filament of YS 


V2 becomes positive with respect to its filament; there- 
iure, VS continues to conduct and V2 takes over conduction 
from V1, with V2 and V5 conducting in series with the load. 
Electrons flow through V5, the load, and V2 for another 60 
degrees of the cycle. 

In part D, the a-c voltage induced in secondary No. 2 
reaches iis maximum positive value and starts to decrease; 
the voltage induced in secondary No. 1 is approaching its 
maximum negative value. The plate of V2 remains positive 
with respect to its filament, and the filament of V6 becomes 
neqative with respect to its plate; therefore, V2 continues 
to conduct and V6 takes over conduction from V5, with \ 
and V6 conducting in series with the load. Electrons flow 
through V6, the load, and V2 for onother 60 degrees of the 
cycle. 

In part E, the a-c voltage induced in secondary No. 3 
{s approaching its maximum positive value, and the 
negative voltage in secondary No. | is decreasing. The 
filament of V6 remains negative with respect to its plate, 
and the plate of V3 becomes positive with respect to its 
filament; therefore, V6 continues to conduct and V3 takes 
over conduction from V2, with V3 and V6 conducting in 
series with the load. Electrons flow through V6, the load, 
and V3 for another 60 degrees of the cycle. 

In part F, the a-c voltage induced in secondary No. 2 is 
uppiodching its maximum negetive value, and the positive 
voltage in secondary No. 3 !s decreasing, The plate of V3 
remains positive with respect to its filament, and the 
filament of V4 becomes negative with respect to its plate; 
therefore, V3 continues to conduct md ¥4 takes over 
conduction from V6, with V3 and V4 conducting in series 
with the load, Electrons flow through V4, the load, and V3 
for another 60 degrees of the cycle. 

The cycle of operation is repeated, as shown in part A, 
when the a-c voltage induced in secondary No. 2 reaches 
its maximum negative value and the positive voltage in 


secondary No, Lis incteasing. The filament of V4 remains 


vy) 


negative with respect to its plate, and the plate of V1 
becomes positive with respect to its filament; therefore, V4 
o wes ta conduct and V1 takes over conduction from 


Conte paid wy 9 MGA WT ae a red 
with Vi and V4 conducting in series with the load. 
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Electrons flow through V4, the load, and V1, to initiate 
another complete cycle. 

Thus, from the action desctibed above, it can be seen 
that each positive and negative peak in each of the three 
phases produces a current pulse in the load. Because of 
the nature of the rectifier conduction periods, each rectifier 
tube conducts for 120 degrees of the cycle and carries one 
third of the total load current. The output voltage, eo, pro- 
duced across the load resistance is determined by the 
instantaneous currents flowing through the load; therefore, 
the output voltage has a pulsating waveform, which results 
in an irregularly shaped ripple voltage, because the output 
current and voltage are not continuous. The frequency of 
the ripple voltage is six times the frequency of the a-c 
source Sinre this rinnle frequency is hicher than the 
ripple frequency of 0 single-phase, full-wave rectifier cir- 
cuit or o three-phase, half-wave rectifier circuit, relatively 
little filtering is required to smooth out the ripple and pro- 
duce a steady d-c voltage. 

The three-phase, full-wave rectifier circuit makes 
continuous use of the transformer secondaries, with the 
d-c load current passing through a secondary winding first 
in one direction and then in the other; thus, there is no tend- 
ency for the transformer core to become permanentiy mag- 
netized. Since little d-c core saturation occurs, the effec- 
tive inductance of the transformer, and therefore the effici- 
ency, is relatively high. 

The three-phase, full-wave rectifier produces across the 
load a pulsating (unfiltered) d-c output voltage, Eay, as 
follows: 

Eav = 2.34 Emme 
Eyms = rms voltage across one secondary 
winding of three-phase transformer 

The peak inverse voltage across on individual rectifier 
in the three-phase, full-wave rectifier circuit during the 
period of time the tube is nonconducting is approximately 
2.45 times the rms voltage across the secondary winding 
of one phase. Some pulsating d-c voltage is always present 
actoss the load, and this voltage is in series with the 
applied a-c secondary voltage; therefore, the sum of the 
instantaneous pulsating d-c load voltage and the instantan- 
eous peak secondary voltage represents the peak inverse 
voltage across the rectifier tube. The peak inverse voltage 
per tube Can be expressed as: 

Etnv (per tube} = 2.45 Enns 
where: Erme + ms voltage actoss one secondary 
winding of the three-phase transformer 

The output of the three-phase, full-wave rectifier cir- 
cuit is connected to a suitable filter circuit to smooth the 
pulsating direct cufrent for use in the load circuit. (Filter 
circuits are discussed in part D of this section.) 

A variation of the three-phase, full-wave rectifier cir- 
cuit uses the common terminal of the wye-connected sec- 
ondaries and rectifiers V4, V5, and V6 to form a three 
phase, half-wave rectifier citcuit. The circuit is funda- 
mentally the same as that given earlier; for this reason 
the accompanying circuit schematic has been simplified 
and redrawn to eliminate the filament transformers and 
associated filoment circuitry. The teletence designations 


where: 
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Simplified Three-Phase, Holf-Wave and Three-Phase, 
Full-Wave Rectifier Circuit 


One advantage of the circuit is that two voltages may be 
supplied from the same trasformer and rectifier combina- 
tion. One output voltage (Eout) is obtained from the full- 
wave circuit; the other voltage Eour, which is equal to 

2 


one half of the full-wave output voltage, is obtained by 
using rectifiers V4, V5, and V6 and the common terminal 
of the wye-connected secondaries as a conventional three- 
phase, half-wave rectifier circuit. (The operation of the 
three-phase, half-wave rectifier circuit was previously 
described in this section.) Although this circuit variation 
can supply two output voltages simultaneously to two sep- 
arate loads, there is a limitation on the total current which 
can be carried by the rectifiers (V4, V5, and V6). 
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FAILURE ANALYSIS. 

Ne Output. In the three-phase, full-wave rectifier 
circuit, the no-output condition is likely to be limited to 
the following possible causes: the lack of ac filament or 
filoment-transformer primary supply voltage, the lack of 
opplied a-c high voltage, or a shorted load circuit (includ- 
ing shorted filter components). 

A visual check of the glass-envelope rectifier tubes can 
easily be made to determine whether all filaments are lit. 
The filaments of Vl, V2, and V3 should be observed first, 
because if these rectitiers are not lit there can be no d-c 
output. If the filaments of Vl, V2, and V3 are not lit, the 
filament voltage should be measured at the secondary of 
transformer T2 to determine whether it is present; if nec- 
essary, check the primary voltage of T2 to determine 
whether it 1s present and af the correct value. If none of the 
rectifier filaments are lit, the primary voltage source for 
the operation of transformers T2, T3, T4, and T5 should be 
checked for the presence of voltage. 

With the primary voltage removed from the circuit, 
continuity (resistance) measurements should be made of the 
secondary and primary windings to determine whether one 
or more windings are open. If necessary, the a-c secondary 
voltage at each of the three high-voltage secondaries may 
be measured between the common terminal of the wye- 
connected secondaries and the individual secondary ter- 
minal or the corresponding rectifier plate, to determine 
whether voltage is present and of the correct value, Also, 
if necessary, measure the applied three-phase primary volt- 
age to determine whether it is present and of the correct 
value. 

With primary voltage removed from the rectifier circuit, 
resistance measurements con be made at the output ter- 
minals of the rectifier circuit (across load) to determine 
whether the load circuit, including the filter, is shorted. 

A short in the components of the filter circuit or in the load 
circuit will cause an excessive load current to flow. If 
the rectifier tubes are of the high-vacuum type, the heavy 
load current will cause the plate of the rectifiers to be- 
come heated and emit a reddish glow when the plate 
dissipation is exceeded and, if allowed to continue, may 
tesult in permanent damage to the tubes. If gas-filled 
rectifiers are used in the circuit, excessive load current 
will result in permanent damage to the tubes because gas- 
filled rectifiers are very susceptible to damage from cur- 
tent overload. Therefore, once the difficulty in the load 
circuit has been located and corrected, the gas-filled 
rectifiers will require replacement as a result of the over- 
load condition. 

Low Output. The rectiffer tubes should be checked to 
determine whether the filaments are lit. Because of the 
norma! overlap in rectifier conduction periods and the 
conduction of tubes in series to obtain full-wave output, one 
or more defective rectifiers in the three-phase, full-wave 
rectifier circuit can cause the low-output condition. Fail- 
ure of only one rectifier in the circuit will cause a loss of 
rectifier conduction and no delivery of current to the load 
tor approximately 120 degrees of the electrical cycle, and 
the output voltage will be reduced accordingly. If rectifier 
tube V1, V2, or V3 is not lit, the trouble is obviously 
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associated with the tube that is not lit since the filaments 
of these tubes are in parallel; however, if V4, V5, or V6 
is not lit, then the trouble may be either the tube or its 
associated filament supply (T3, T4, or TS). The tube filo- 
ment should be checked for continuity; the presence of cor- 
tect filament voltage at the tube socket should be deter- 
mined by measurement. If necessary, the primary and 
secondary voltages should be checked at the terminals of 
the filament transformer (T3, T4, or TS} to determine 
whether the transformer ls cetective: 

With the three-phase primary voltage removed from the 
circuit, continuity measurements should be made of the 
pray (and secondary) windings, toe determine whether 
one {or more) of the windings is open. [{ necessary, the 
a-¢ voltage af each secondary winding may be measured 
between the common terminal of the wye connection und the 
individual secondary termina! or the corresponding rectifier 
plate, to determine whether voltage is present and of the 
correct value. Also, if necessary, measure the applied 
three-phase primary voltage at each ofthe phases, to deter- 
mine whether each voltage is present and of the correct 
value, since a low applied primary voltage can result in a 
low secondary voltage. 

Shorted tums in either the primary or secondary wind- 
ings will cause the secondary voltage to measure below 
normal. Cisconnect all secondary leads from the trans- 
former, Tl, ond measure the current in each leg of the three- 
phase primary with the transformer unloaded; excessive 
primary current is an indication of shorted tums. A sec- 
ondary winding which is shorted to the core can cause a 
fow output voltage indication: to determine whether a wind- 
ing is shorted to the core, all leads should be disconnected 
from the transformet and a measurement made between each 
individual winding and the core, using an ohmeter or a 
“eager (insulation tester). 

Since a decrease in ioad resistance can cause an 
increase in load current and possibly result in a low- 
Output condition, the rectifier-output current (to the filter 
circuit and to the load) shouid be checked to make sure 
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Uses six high-vacuum or gas-filled electron-tube diodes 
as rectifiers. 

Cutput requires very little filtering; d-c cutput ripple 
frequency is equal to six times the primary line-voltage 
frequency. 

Hes goed regulation characteristics. 

Circuit provides either positive- or negative-polarity 
output voltage, 

Requires separate filament transformers or separate 
filament windings for rectifier tubes. 

Uses multiphase power transformer with delto-connected 
secondary windings; primary windings may be either delta- 
or wye-connected. 


CIRCUIT ANALYSIS. 

General. 
secondary) rectificr is a variation of the three-phase, 
full-wave (single-wye-connected secondary) rectifier, 
previously described in this section. The full-wave recti- 
fier with delta secondary 1s used where a large amount of 
power is required by the load, such as for large ship- 
board or shore electronic installations. The term three- 
phase refers to the primary c-c source, which is the equi- 
valent of three single-phase sources, each source supply~ 
ing a ae voltage 120 degrees out of phase with the 
others, 

Ctreult Operation. The three-phase, full-wave (delta 
secondary} rectifier circuit is illustrated in the accompany- 
ing circuit schematic. The circuit uses a three-phase 
power transformer, Tl, to step up the alternating source 
veitage to a hugh value in the delie-connected sevtudaiies. 
Each secondary winding is connected to the other in proper 
phase relationship so that the currents through the wind- 
ings cre balanced. Damage can result to the transformer 
windings if improperly connected; for this reason, the 
windings are usually connected intemally in the proper 
phase to prevent the possibility of making wrong connec- 
tions, and only the three secondary terminals are brought 
cut of the case. 

The primary windings of transformer T] are shown deita- 
connected, although in some instances they may be wye- 
connected (as for c three- or four-wire system}. 

The clate of rectifier V1 andthe filament (cathode) of 
rectifier V4 are connected to secondary terminal No. i of 
trensformer T1; the olate of rectifier V2 and the filament of 
rectifier VS are connected to secondary terminal No, 2: 


the olate of re. 
the plote ctre 


The three-phase, full-wave (deltc-connected 


Zand the finment of rectifier V6 


are connected 


e nai No, 3. 
Che Hlement transtormer, Tz, is used to suppiy the tila- 
ment voltage to rectifiers V1, VZ, and V3, since the fila~ 
ments of these rectitiers are ali at the same ootentiai. 
However, since the filaments of rectifiers V4, V5, and V6 


between th 


have u nigh potential difference exists 


three separate filament transformers (TS, T4, and TS) are 
used, A single filament transtormer may be used for this 
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Basic Three-Phase, Full-Wave (Delta Secondary) 
Rectifier Circuit 


purpose, provided that it incorporates three separate fila- 
Ment windings that are well insulated from each other and 
ground (chassis). The primary windings of filament trans- 
formers T3, T4, and T5 are connected to different phases of 
the three-phase source and may be considered to be delta- 
connected although they are three separate transformers. 
The a-c voltage for the primaries of the filament transformers 
is applied independent of and prior to, the primary voltage 

to the three-phase power transformer, Tl. A time-delay 
arrangement, either manually operated or automatic, nor- 
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mally permits the rectifier filaments to be preheated to the 
normal operating temperature before the high-voltage ac con 
be applied to the rectifier circuit. 

The circuit arrangement given in the illustration permits 
either terminal of the load to be placed at ground potential, 
depending upon whether a positive or negative d-c output 
is desired; however, the circuit is commonly arranged for a 
positive d-c output, with the negative output terminal at 
ground (chassis). The circuit is typical of high-voltage d-c 
supplies designed for use in radar sets, communication 
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transmitters, or other equipment for which the d-c power 
Tequirement is several kilowatts or more. 

The operation of the three-phase, full-wave rectifier 
circuit can be understood from the simplified circuit 
schematics (parts A through F) and the waveforms given in 
the accompanying illustration. The basic three-phase, 
full-wave rectifier schematic, given earlier in this dis- 
cussion, has been simplified to show the circuit action 
throughout the electrical cycle; the reference desiqnations 
used correspond to those assigned in the basic circuit 
schematic. 

The operation of the delta-secondary rectifier circuit 
ts similar to that of the wye-secondary rectifier circuit 
(previously described); however, the a-c voltage across 
an individual delta-connected secondary winding is 0.742 
Ey, whereas the voltage across an individual wye- 
connected secondary winding is 0.428 Egy (Eay is the 
unfiltered d-c output across the load). The voltages 
developed across the secondary windings of transformer T1 
are 120 degrees out of phase with relation to each other and 
are constantly changing in polarity. In the delta-connected 
secondary, at any given instant the voltage in one phase 
is equal to the vector sum of the voltages in the other two 
phases. The polarities indicated for the secondary wind- 
ings in the simplified circuit schematics (parts A through 
F) of the accompanying illustration represent the instan- 
taneous polarity of the induced voltages in the secondary. 
Although the instantaneous polarity shown in the schematic 
is given for only one secondary winding, the sum of the 
instantaneous voltages in the other two windings is equal 
to the voltage of the first winding. The arrows on the 
schematics are used to indicate the directions of electron 
flow in the cireuit. 

The plates of rectifiers V1, V2, and V3 are connected 
to secondary terminals No. 1, No. 2, and No. 3, respec- 
tively; the filaments (cathode) of rectifiers V4, V5, and 
V6 are connected to secondary terminals No. 1, No. 2, and 
No, 3, respectively. When the plates of V1, V2, and V3 are 
Positive with respect to their filaments, the tubes will 
conduct; when the filaments of V4, V5, and V6 are negative 
with respect to their plates , these tubes will conduct. 

At any given instant of time in the three-phase, full- 
wave rectifier circuit, a rectifier, the load, and a second 
rectifier are in seties across two terminals of the delta- 
connected secondaries and, therefore, two rectifiers are 
conducting. Each of the six rectifiers conducts for 120 
degrees of an electrical cycle; however, there is an overlap 
of conduction periods, and the rectifiers conduct in a se- 
quence which is determined by the phasing of the instantan- 
eous secondary voltages of the power transformer. In the 
circuit described, two rectifiers are conducting at any in- 
stant of time, with the rectifier conduction periods occurring 
in the following order: Vil and V6, V6 ond V2, ¥2 and V4, 
V4 ond V3, V3 and V5, V5 and V1, V1 ond V6, ete. 

Refer to the secondary-voltage waveform, esec, shown in 
the accompanying illustration. Assume that the a-c voltage 
induced in secondary No. 1, transformer terminals No. 1 and 
No. 2, is approaching its maximum positive value (at 90 
degrees); also, the voltage induced in secondary No. 2, 
transformer secondary terminals No. 2 and No. 3, has 
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teached its maximum negative value (at 30 degrees) and is 
decreasing. {The voltage induced in secondary No. 3, 
terminals No. 1 and No. 3, is passing through zero.) This 
condition is shown by the simplified schematic of part A in 
the accompanying illustration. The plate of rectifier V1 is 
positive with respect to its filament (cathode), and the 
filoment of rectifier V5 is negative with respect to its plate; 
therefore, both tubes conduct, and electrons flow through 
V5, the load, and V1 for 60 degrees of the electrical cycle. 

In part B, the a-c voltage induced in secondary No. | 
has reached its maximum positive value (at 90 degrees) 
and starts to decrease during the next 60 degrees of the 
cycle; the voltage induced in secondary No. 3 is approach- 
ing its maximum negative value. The plate of V1 remains 
positive with respect to its filament, and the filament of 
V6 becomes negative with respect to its plate; therefore, 
V\ continues to conduct and V6 takes over conduction from 
V5, with V1 and V6 conducting in series with the load. 
Electrons flow through V6, the load, and V1 for another 60 
degrees of the cycle. 

In part C, the a-c voltage induced in secondary No. 3 
has reached its maximum negative value and starts to de- 
ctease; the voltage induced in secondary No, 2 is approach- 
ing its maximum positive value. The filament of V6 re- 
mains negative with respect to its plate, and the plate of 
V2 becomes positive with respect to its filoment; therefore, 
V6 continues to conduct and V2 takes over conduction from 
V1, with V2 ond V6 conducting in series with the load, 
Electrons flow through V6, the load, and V2 for onother 60 
degrees of the cycle. 

In part D, the a-c voltage induced in secondary No. 2 
has reached its maximum positive value and starts to de- 
crease; the voltage induced in secondary No. 1 is approach- 
ing its maximum negative value. The plate of V2 remains 
positive with respect to its filament, and the filament of 
V4 becomes negative with respect to its plate; therefore, 
V2 continues to conduct and V4 takes over conduction trom 
V6, with V2 and V4 conducting in series with the load. 
Electrons flow through V4, the load, and V2 for another 60 
degrees of the cycle. 

In part E, the a-c voltage induced in secondary No. 3 
approaches its maximum positive value, and the negative 
veltage in secondary No. l is decreasing. The filament 
of V4 remains negative with respect to its plate, and the 
plate of V3 becomes positive with respect to its filament; 
therefore, V4 continues to conduct and V3 takes over con- 
duction from V2 with V3 and V4 conducting in series with 
the load. Electrons flow through V4, the load, and V3 for 
another 60 degrees of the cycle. 

In part F, the a-c voltage induced in secondary No. 2 
approaches its maximum negative value, and the positive 
voltage in secondary No. 3 is decreasing. The plate of 
V3 remains positive with respect to its filament, and the 
filament of VS becomes negative with respect to its plate; 
therefore, V3 continues to conduct and V5 takes over con- 
duction from V4, with V3 and V5 conducting in series with 
the load. Electrons flow through V5, the load, and V3 for 
another 60 degrees of the cycle. 

The cycle of operation is repeated, as shown in part 
A, when the o-c voltage induced in secondary No. 2 has 
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reached its maximum negative value and the positive voltage 
in secondary No. 1 is increasing. The filament of V5 re- 
mains negative with respect to its plate, and the plate of 

V1 becomes positive with respect to its filament; therefore, 
V5 continues to conduct and V1 takes over conduction from 
V3, with V1 and V5 conducting in series with the load. 
Electrons flow through VS, the load, and V1, to initiate 


complete 


mpr|ete Cc 


another 

Thus, from the action described above, it can be seen 
that each positive and negative peak in each of the three 
phases produces a current pulse in the load. Because of 
the nature of the rectifier conduction periods, each rectifier 
tube conducts for 120 degrees of the cycle and carries one 
third of the total load current. The output voltage, €o, pro- 
duced scross the load resistance ic determined by the in- 
stantaneous current flowing through the joad; therefore, te 
output voltage nas a pulsating waveform, which results in 
an on irregularly shoped tipple voltage, because the output 

f 


nit and voltage are not co! 


the ripple voltage is six times the frequency of the oc source. 


Since this ripple frequency is higher than the ripple frequency 
of a single-phase, full-wave rectifier circuit or c three-phase, 
half-wave rectifier circuit, relatively little filtering is 
required to smooth out the ripple and produce a steady d-c 
voltage. 
The three-phase, full-wave rectifier circuit makes con- 
tinuous use of the transformer secondaries, with the dc 
load current passing through the delte-connected secondary 
windings first in one direction and then in the other; thus, 
there is no tendency ‘or the transformer core to become 
permanently magnetized. Since little dc core saturation 
occurs, the effective inductance of the transformer, ond there- 
fore the efficiency, is relatively high. 
The three-phase, full-wave rectifier with deltaconnected 
secondaries produces across the load a pulsating (unfiltered) 
dc output voltage, Egy, as follows: 
Bay = 1:35 Ene 
Enns = ms voltage across one secondary 
winding oi three-phase delta-connected 
transformer 
The peok inverse voltage actoss an individual rectifier 
in the three-phase, full-wav: ‘ing the periad of 
time the tube is nonconducting is approximately 1.42 times 
the rms voltage across the secondary winding of one phase. 
Some pulsating ass voltage is dweys present across the 
apoli 
3 condory voltag Rs of the instantanenne 
eulsating de load eet ar.d the instantaneous peak 
peak secondary voltage fepresents the peak in e 
across the rectifier tube. The peak inverse voltage per tube 
né QNpressed as: 
Eine (per tube} = 
Enme = ms voitage acioss one secondary 
winding of three-phase deite-connected 
transformer 
The output of the three-nhase, full-wave rectifier cir- 
cuit is connected to a suitable filter circuit, to smooth 
the pulsating direct current for use in the iood circuit. (Pik 


where: 


Lae 


¢ Orme 


where: 
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FAILURE ANALYSIS. 

No Output. In the three-phase, full-wave (delta secon- 
dary) rectifier circuit, the no-output condition is likely to 
be limited to the following possible causes: the lack of a-c 
filament or filament-transformer primary supply voltage, the 
lack of applied ac high voitage, or a shoried load circuit 
(including shorted filter components). 

Checks for rectifier iube and filament tansfomer opera 
tion and for a shorted load circuit are the same as those 
given for the three-phase, full-wave (single ''Y" secondary} 
tectifier circuit, previously described in this section. 

With the primary voltage removed from the cifcuit, con- 
tinuity (resistance) measurements should be made of the 
secondary and primary windings to determine whether one 
or more windings are open. Since the three windings of the 
delta-secondary circuit we sometimes connected internaliy 
and only three terminals are brought out of the case, voltage 
and resistance measurements are made between the terminals 
of the deita-connected secondaries. When making measure 
ments (voltage or resistance) of the secondary citcuit, it 
shouid be remembered that the windings form a delta con- 
figuration, with two windings in series and this combina- 
tion in parallel with the winding under measurement. In other 
instances, the secondary windings are connected to six 
individual terminals, and these terminals are connected to- 
gether to form a delta configuration. Thus, in this in- 
stance, the terminal connections may be removed to enable 
measurements to be made on individual secondary windings 
independent of other windings, If necessary, the a-c second- 
ary voltage at each of the three high-voltage secondaries 
may be measured beiween the terminals of the deltc-con- 
nected secondaries, to determine whether voltage is present 
and of the corrent value. Also, if necessary, measure the 
applied three-phase primary voltage to determine whether 
it is present and of the corrert value. 

Low Output. Except for the voltage and resistance 
measurements of the delta-secondary circuit, the checks for 
low-coutput condition are the same as those given for the 
three-phase, full-wave (single ‘'Y’’ secondary) rectifier 
circuit, previously discussed in this section. Also, refer 
to the paragraph above jor information conceming procedures 
to be used when making voltage and resistance measurements 
on delta-connected secondary windings. 


THREE-PHASE, HALF-WAVE (DOUBLE “Y”’ SECONDARY) 
RECTIFIER. 


CHARACTERISTICS. 
Input to circuit is three-phase ac; output is de with am- 


pple voltage tes: 
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Uses six high-vacuum or gas-filled electron-tube diodes 
as rectifiers. 

Output requires very little filtering; d-c output ripple 
frequency is equal to six times the primary line-voltage fre- 
quency. 

Has good regulation characteristics. 

Circuit provides either positive- or negative-polarity 
output voltage. 

Requires only one filament-voltage supply. 

Uses multiphase power transformer with two parallel sets 
of wye-connected secondaries operating 180 degrees out of 
phase with each other. The center points of the wye-con- 
nected secondaries are connected through am interphase 
reoctor or balance coil to the load. The primary windings 
are generally deltc-connected. 


CIRCUIT ANALYSIS, 

General. Fundamentally, this rectifier circuit resembles 
two half-wave (three-phase star) rectifiers in parallel, each 
Tectifier circuit operating from a common delta-connected 
Primary, and sharing ¢ common load through an interphase 
reactor or balance coil. (The three-phase, half-wave 
tectifier cireuit was previously described in this section.) 
The three-phase, half-wave (double-wye secondary) tecti- 
fier circuit uses a power transformer with two sets of wye- 
connected secondaries, the windings of one set being con- 
nected 180 degrees out of phase with respect to the cor- 
tesponding windings of the other set. For this reason, the 
cireult is sometimes referred to as a slx-phase rectifier. 
The junction point of each wye-connected secondary is, in 
tum, connected to a center-tapped inductance, called an 
Interphase reoetor or balance coil. The center tap of the 
oe reactor (s the common negative terminal for the 
load, 
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Cirevit Operction. The three-phase, half-wave (double- 
wye secondary) rectifier circuit is illustrated in the accom- 
panying circuit schematic. The circuit used a three-phase 
power trasformer, T], to step up the alternating source 
voltage to a high value in the wye-connected secondaries, 
The ptimary windings of transformer T1 are shown delta- 
connected; the delta primary is common to both wye-con- 
nected secondaries. The plates of rectifiers V1, V2, and 
V3 are connected to one set of secondary ("A") windings 
at terminals 1A, 2A, ond 3A, respectively. The plates of 
rectifiers V4, V5, and V6 are connected to the other set of 
secondary (’B’’} windings ot terminals 3B, 1B, ond 2B, 
respectively. 

One filament transformer, T2, is used to supply the fila- 
ment voltage to all rectifiers, since the filament of the ree 
tifiers are all at the same potential. Although a single 
filament transformer is shown on the schematic, as mmy 
as three identical filament transformers are sometimes 
used as the filament supply, with each filament transformer 
supplying two (or more) rectifier tubes; in thiscase the 
primary ofeach single-phase filament transformer is con- 
nected to a different phase of the three-phase source. 
Voltage is applied to the primaries of the filament trans- 
formers before it is opplied to the primary of the three- 
phase power transformer Tl. A time-delay arrangement, 
either manually operated or automatic, normally permits the 
rectifier filaments to be preheated to the normal operating 
temperature before thehigh-voltage ac can be applied to the 
rectifier circuit. 

The center-tapped inductance, L1, is an interphase 
reactor or balance coil. The common terminal of each wye- 
connected secondary is connected to one end of Li]; the 
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Basic Three-Phase, Half-Wave (Double “Y"’ Secondary) 
Rectifier Circuit 


cted to the load, 


center tap of the interphase reactor 15 conr 
Thus, the output-load current of each three-phase, half-wave 


rectifier circuit passes through one half of the interphase 


reactor, and these two currents are then combined in the load. 


For satisfactory operation, interphase reactor [.1 mnst have 
sufficient inductance to maintain continuous current flow 
through each half of the coil. In effect, this reactor con- 
stitutes a choke-input filter arrangement, and exhibits the 
regulation characteristics of such a filter. 

The circuit arrangement given in the illustration permits 
either terminal of the load to be piaced ai ground *otential, 
depending upon whether a positive or negative d-c output 
is desired; however, the circuit is commonly arranged for ¢ 
positive d-c output, with the negative cutput nal at 
qgmund (chassis). The circuit is typical of high-voltage d: 
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suppiles des!gned for use in large communication transmit- 
ters or other equipment for which the d-c power requirement 
is several kilowatts or more. 

The operation of the three-phase, half-wave (double-wye 
secondary) rectifier circuit can be understood by reference 
to thecircuit schematic and the waveforms given in the ac- 
companying illustration. The operation of each individual 
half-wave rectifiers the same as that given for the three- 
phase, half-wave (three-phase star) rectifier circuit 
previously described in this section. Although the voltages 
induced in the three transformer secondary windings differ 
in phase by 120 degrees, the voltages induced in correspond- 
ing windings of the two sets of wye-connected secondaries 
("AH ond “RY are 180 degrees out of phase with respect 
to each other. 
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The output resulting from the conduction of rectifiers 
V1, V2, and V3 in conjunction with secondary '’A” is shown 
on the accompanying illustration; the output resulting from 
the conduction of rectifiers V4, V5, and V6 in conjunction 
with secondary ‘'B”, the resulting combined d+ output 
voltage, ¢o, and the corresponding rectifier conduction 
periods are also given. 

At any instant of time, two rectifier tubes are conducting 
to deliver current to the load, but their currents are not in 
phase and an overlap in conduction periods of the six recti- 
fiets occurs. Each rectifier conducts for 120 degrees of the 
input cycle and contributues one sixth of the total de current 
supplied to the load. In the circuit described, two rectifiers 
are conducting at any instant of time, with the rectifier con- 
duction periods occurring in the following order: V6 md V1, 
Vi and V4, V4 ad V2, ¥2 and V5, VS ond V3, V3 ond V6, 
V6 and V1, etc. 


to 
SECONDARY “A” 


& 
SECONDARY “8” 


& X 3 
& ¥ 
RECTIFIER VI te V2 fe V3 fe V1 2fe V2 20 V3 4} 
CONDUCTION 
PERIODS be VE V4 *H0-V5 2-6 10 ¥4 ape 5 ote Go} 


Waveforms for Three-Phase, Half-Wave 
(Double “Y'’ Secondary) 
Rectifier Cirevit 


The main component of the ripple frequency present 
actoss the interphase reactor is three times the frequency 
of the ac source. Electrons flow through the load in pulses, 
one pulse for each positive half cycle of the impressed volt- 
age in each of the three phases of thetwo sets of second- 
aries, As mentioned previously, the secondaries are 180 
degrees out of phase with respect to each other? therefore, 
the output voltage has a ripple frequency which is six times 
the frequency of the a-c source. Since this ripple frequency 
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is higher than that of a single-phase, full-wave rectifier 
circuit or ¢ single three-phase, half-wave rectifier circuit, 
telatively little filtering ts required to smooth out the ripple 
and produce a steady dc voltage. 

In order to keep d-c core saturation to a minimum (be- 
cause of current flowing in one direction only in each 
secondary winding) and to keep the efficiency relatively 
high, it is necessary to use a single three-phase trans- 
former with multiple secondaries, rather than six individual 
single-phase transfomers. 

The three-phase, half-wave (double-wye secondary) 
fectifier citcuit produces across the load a pulsating (un- 
filtered) d-c output voltage, Egy, as follows: 

Eoy = 1.17 Ems 
Ems = ms voltage actoss one secondary 
winding of the three-phase transformer 

The peok inverse voltage across on individual rectifier 
in the three-phase, half-wave rectifier circuit during the 
period of time the tube is nonconducting is approximately 
2.45 times the rms voltage across the secondary winding of 
one phase. The peak inverse voltage per tube can be ex- 
pressed as: 

Etay (per tube) = 2.45 Eme 
Ems = ms voltage actoss one secondary 
winding of the three-phase transformer 

The output of the three-phase, half-wave (double-wye 
secondary) rectifier circuit is connected to a suitable filter 
circuit, to smooth the pulsating direct current for use in the 
load circuit. (Filter circuits are discussed in the latter 
part of this section.) 

A variation of the three-phase, half-wave (double-wye 
secondary) rectifier circuit omits the use of a interphase 
reactor or balance cotl. If the interphase reactor (L1) is 
not used in the circuit and the common terminal of each we 
connected secondary is connected to the negative terminal 
of the load, the circuit is classified as a six-phase star. 
However, the six-phase star, half-wave rectifier circuit is 
considered less desirable than the three-phase, half-wave 
(double-wye secondary) rectifier circuit, because it requires 
the use of tubes with higher peak current ratings and a 
trmsformer with a higher kva rating to obtain an equivalent 
d< output. Therefore, the circuit is seldom used. 


where: 


where: 


FAILURE ANALYSIS. 

No Output. In the three-phase, half-wave (double-wye 
secondary) rectifier circuit, the no-cutput condition is 
likely to be limited to the following possible causes: the 
lock of a-c filament or filament-transformer primary supply 
voltage, the lack of applied a-c high voltage, or a shorted 
load circuit {including shorted filter components). 

A visuol check of the glass-envelope rectifier tubes 
can easily be made to determine whether the filaments are 
lit; if they are not lit, there can be no d-c output. The 
filament voltage should be measured at the secondary term- 
inals of transformer T2 to determine whether it is present; 
if necessary, check the primary voltage to T2 to determine 
whether it is present and of the correct value. When the 
circuit employs more than one filament transformer (for 
example, three transformers each operating from one phase 
of the three-phase source), if none of the rectifier filaments 
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are lit the primary voltage source for the filoment trans- 
formers should be checked for the presence of voltage. 

With the primary voltage removed from the circuit, 
continuity (resistance) measurements should be made of the 
secondary and primary windings, to determine whether one 
of more windings are open and whether the common term- 
inals of the wye-connected secondaries are connected to 
the load circuit through the interphase reactor or balance 
coil, If necessary, the secondary voltage may be measured 
at one (or more) of the high-voltage secondaries between 
the common terminal of the we-connected secondaries and 
« secondary terminal or corresponding rectifier plate, 
to determine whether voltage is present and of the correct 
value. Also, if necessary, measure the applied three-phase 


the correct value. 

With primary voltage removed from the rectifier circuit, 
resistance measurements can be made at the cutput term- 
inals of the rectifier circuit (across load) to determine 
whether the load circuit, including the filter, is shorted. 

A short in the components of the filter circuit or in the load 
circuit will cause an excessive load current to flow, and 

the full output voltage will be developed across each halt 

of the interphase reactor, L1. If the rectifier tubes are of 
the high-vacuum type, the heavy load current will cause the 
plates of the rectifiers to become heated and emit a reddish 
glow when the plate dissipation is exceeded and, if allew- 
ed to continue, may result in permanent damage to the tubes. 
If gas-filled rectifiers are used in the circuit, excessive 
load current will result in permanent damage to the tubes 
because gas-filled rectifiers are very susceptibie to damage 
from current overload. Therefore, once the difficulty in the 
load circuit has heen tocoted and corrected, the gas-filled 
rectifiers will require replacement as a result of the over 
load condition. 

Low Output. The rectifier tubes should be checked 
to determine whether all filaments are lit; however, because 
of the normal overlap in rectifier conduction periods, the 
failure of one or two rectifiers in the circuit will not 
greatly affect the output valtage but may increase the ripple 
amplitude. If only one rectifier is not lit, the tube filament 
should be checked for continuity. If the circuit employs 
mere than one filament transformer and one or more tubes 
are not lit, the corresponding filament transformer (s) 


the pri 
terminals, to determine whether voltage is applied and of 
the correct value. If necessary, continuity measurements of 
the transformer windings should be made to determine 
whether the transformer is defective. 

The continuity of each half of the interphase reactor, 
L1, should be measured to determine whether one halt ot 
the winding is open. An open circuit in one half of this 
reactor will disconnect its associated three-phase, wye 


ifier with single-wye secondary. 
\ ge removed from the 


cirout, continuity measurements should be made of the 
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atimary (and secondary) windings, to determine whether 
one (or more} of the windings is open. [f necessary, the 
a-c voltage of each secondary winding in each set of 
secondaries may be measured between the common term- 
inal of the wye connection and the individual secondary 
terminal or the corresponding rectifier plate, to determine 
whether voltage is present and of the correct value. Also, 
if necessary, measure the applied thre: se primary 
voltage at each phase, to determine whether voltage is 
present and of the correct value, since a low applied 
primary voltage can result in a low secondary voltage. 

Shorted turns in either the primary or secondary 
windings will cause the secondary voltage to measure below 
normal. Disconnect all secondary leads from the trans- 
former, and measure the current in each leg of the three- 
phase primary with the transtormer unloaded; excessive 
primary current is an indication of shorted tums. A secon- 
dary winding which is shorted to the core can also couse a 
low output voltage indication; to determine whether a winding 
is shortedto the core, all leads should be disconnected 
trom the transformer and a measurement made between each 
winding and the core, using an ohmmeter ot a Megger (in- 
sulation tester). 

Since a decrease in load resistance can cause an 
increase in load current and possibly result in a low-output 
condition, the rectifier-output current (to the filter circuit 
and to the load) should be checked, to make sure that it is 
within tolerance and is not excessive. 


HALF-WAVE VOLTAGE DOUBLER. 


APPLICATION. 

The half-wave voltage-doubler circuit is used to pro- 
duce a higher d-c output voltage than can be obtained 
from a conventional half-wave rectifier circuit. This volt- 
age doubler is normally used in ‘‘transformerless” circuits 
where the load current is small and voltage requlation is not 
critical. The circuit is frequently employed as the power 
supply in small portable receivers and audio amplifiers 
and, in some uansmitter applications, as a bias supply. 


CHARACTERISTICS. 

Tnput to circuit is ac; output is pulsating de. 

D-c output voltage is approximately twice that cbtained 
from equivalent half-wave rectifier circuit; output current 
is relatively small. 

Cutput requires filtering; d~> output ripple trequency i 
equal to akc ce frequency. 

Has pour equation characteristics; output voltage 
available is a function of load current, 

Depending upon clicuit ations, may he used with 
or without a power isolation transtormer. 

Uses indirectly heated cathode-type rectifiers. 


a 


CIRCUIT ANALYSIS. 

General. The half-wave voltage-doubler circuit is used 
with or without o transformer to obtain a d-c voltage from 
qi rce. As the term voltage doubler implies, the 
output voltage is approximately twice the input voltage. 


tage doubler derives its name from the 
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fact that the output charging capacitor (C2) across the load 
teceives a charge once for each complete cycle of the 
applied voltage. The half-wave voltage doubler is sore 
times called a cascade voltage doubler. The voltage regu- 
lation of the circuit is poor and, therefore, its use is 
generally restricted to applications in which the load 
current is small and relatively constant. 

Circuit Operation. In the accompanying circuit sche- 
matics, parts A, B, and C illustrate basic half-wave 
voltage-doubler circuits. The circuit shown in part A 
uses 4 transformer, Tl, which can be either a stepup 
transformer to obtain o high value of voltage in the secon- 
dary circuit, or an isolation transformer to permit either 
d-c output termina! to placed at ground (chassis) potential. 
The circuits shown in parts B and C do not use a trans- 
former, and operate directly from the a-c source. In the 
circuit illustrated in part A, either output terminal may be 
placed at ground (chassis) potential. The circuit illustrated 
vin part B places one side of the a-c source ot a negative 
d-c potential, and thus restricts the circuit to use as a 
positive d-c supply. A variation of this circuit is illustrated 
in part C; this variation provides a negative output volt- 
age. 

The rectifiers, V1 and V2, are of the indirectly heated 
cathode type, and are identical-type diodes. Although the 
circuit schematic illustrates two separate rectifiers, o 
twin-diode is generally used in the citcuit. Typical twin- 
diode electron tubes designed specifically for use in 
voltage-doubler circuits aré: 2526, SOY6, and 11724 As 
indicated by the tube-type numbers, these tubes require 
nominal filament-supply voltages of 25, 50, and 17 volts, 
respectively, Because there are several possible circuit 
combinations, the actual filament circuits for V1 and V2 
are not shown on the circuit schematics. The filament 
voltage for the rectifiers is usually obtained directly from 
the a-c source if the filament is rated at the source volt- 
age, by use of a voltage-dropping resistance in series 
with the rectifier filament (s) to reduce the a-c source volt- 
age to the correct value, or from a transformer secondary 
winding of the correct value, Jn some equipments, the fila- 
ments of othet tubes within the equipment ore connected 
in series (or series-parallel), and this combination is then 
placed in series with the rectifier filament (s) across the 
arc source; when this is done, a voltage-dropping resistor 
may be required, 
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Basic Half-Wave Voltage-Doubler Circuits 


In the three circuits illustrated, the functions of recti- 
ifters V1 and V2, and of charging capacitors Cl and C2, 
are the same for each of the circuits. 

‘The operation of a half-wave voltage-doubler circuit can 
be understood from the simplified circuits, parts A and B, 
and the waveforms, part C, shown in the accompanying 
illustration. 

Assume that the a-c input to the voltage doubler during 
the initial half-cycle is of the polarity indicated in part A 
of the illustration. Electrons flow in the direction indico- 
ted by the small arrows from the positive plate of charging 
capacitor Cl, through rectifier tube V1 (cathode to plate), 
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Typical Half-Wave Voltage-Doubler Circuit 
Operation and Waveforms 


and to the a-c source. The left-hand (negative) plate of 
capacitor Cl now has a surplus of electrons, while the 
right-hand (positive) plate lacks electrons. Thus, during 
initial half-cycle, capacitor Cl assumes a charge (Ec 1) 
of the polarity indicated, which is equal te approximately 
the peak value of the applied a-c voltage. 

During the next half-cycle t = polarity of the applied 
a-c input ‘to the voltage doubler is as indicated in part B 
of the illustration. The charge (Ec) existing across 
capacitor Ci is in series with the applied ac and will 
therefore add its potential to the peak vaiue of the 
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voltage. Electrons flow in the direction indicated by the 
small atrows from the positive plate of capacitor C2, 
through rectifier tube V2 (cathode to plate), and to the 
positive plate of capacitor Cl. Thus, during the second 
half-cycle capacitor C2 assumes a charge (Ec2) of the 
polarity indicated which is equal tothe peak value of the 
applied ac voltage plus the value of the charge (Ec) 
existing across charging capacitor Cl. Thus the value of 
the voltage (Ec2) across capacitor C2 is equal to approxi- 
mately twice the peak voltage of the applied ac, provided 
thet charging capacitor C] does not lose any initial charge. 

In a practical circuit, the value of capacitors C1 and 
C2 is at least 16 yf; therefore, with such a large value of 
capacitance in the circuit and because there is always 
some resistance (rectifier-tube plate resistance and a-c 
source impedance} inthe Circuii, euch capaciter may not 
immediately attain its maximum charge until several input 
cycles have occurred. Capacitor C2 is charged only on 
altemate halfcycles of the applied a-c voltage, and is 
always attempting to discharge through the locd resistance: 
therefore, the resulting waveform of the output voltage, eo 
(or Ec2), varies as shown in part C of the illustration, 

The output waveform contains some ripple voltage; 
therefore, additional filtering is required to obtain a 
steady d-c voltage. The frequency of the main component 
of the rippie voltage is the same as the frequency of the 
a-c source, because capacitor C2 is charged only once 
for each complete input cycle. The regulation of the 
voltage-doubler circuit is relatively poor; the value of 
output voltage obtained is determined largely by the 
resistance of the load ond the resulting load current, since 
the load {and the filter circuit, if used} is in parallel with 
capacitor C2. 


FAILURE ANALYSIS. 

No Output, In the half-wave voltage-doubler circuit, 
the no-cutput condition is likely to be limited to one of 
several possible causes: the lack of filament voltage or 
an open filament in the rectifier (s), the lack of applied 
a-c voltage, a shorted oad circuit (including capacitor C2 
and ftiter circuit components), or a3 open capacitor C1. 

A visual check of a glass-envelope rectifier tube can 
be made to determine whether the filament (s) is lit; if the 
filament is not lit, it may be open or the filament voltage 
may not be applied. The tube filament should be checked 
for continuity; also, the presence of voliuge st the tube 
socket shouid be determined by mee 

The a-c supply voltage should be measured at the 
input of the circuit to determine whether the voltage is 
present and isthe correct value. If thecircuit uses a step- 
up or isclation transformer (Tl) measure the voltage at 
the secondary terminals to determine whether it is present 
and is the correct value. With the primary voltage removed 
from the transformer, continuity measurements of the 
primary and secondary windings should be made to 
determine whether one of the windings is open, since an 
open cifcuit in either winding will couse o | 
ondary voltage. 

With the a-c supply voltage removed from the input to 

i the load disconnected from capacitor 


sec- 
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C2, tesistance measurements can be made across the tet- 
minals of capacitor C2 and at the output terminals of the 
circuit (across load). These measurements will determine 
whether the capacitor (C2} or the load circuit (including 
filter components) is shorted. Because capacitor C2 and 
the filter-circuit capacitors are usually electrolytic cap- 
acitots, the resistance measurements may vary, depending 
upon the test-lead polarity of the ohmmeter. Therefore, two 
Measurements must be made, with the test leads reversed 
at the circuit test points for one of the measurements, to 
determine the larger of the two resistence measurements. 
The larger resistance value is then accepted as the 
measured value. Capacitor Cl may be checked in a similar 
manner. 

A quick method which can be used to determine whether 
capacitor Cl or C2 is the source of trouble is to substitute 
a known good capacitor in the circuit for the suspected 
capacitor and measure the resulting output voltage. 

Low Output. The rectifiers (V1 and V2) should be 
checked to determine whether the cause of low output is 
low cathode emission. The load current should be 
checked to make sure that it is not excessive, because the 
voltage-doubler circuit has poor regulation and an increase 
in load current (decrease in load resistance) can cause a 
decrease in output voltage. 

One terminal of each capacitor, Cl and C2, should be 
disconnected from the circuit and each capacitor checked, 
using a capacitance analyzer, to determine the effective 
capacitance and leakage resistance of each capacitor. A 
decrease in effective capacitance or losses within either 
capacitor can cause the output of the voltage-doubler 
circuit to be below normal, since the defective capacitor 
will not charge to its normal operating value. If a suitable 
capacitance analyzer is not available, an indication of 
leakage resistance can be obtained by using an ohmmeter; 
the measurements are made with one terminal of the cap- 
acitor disconnected from the circuit and, using the 
ohmmeter procedure outlined in the previous paragrach, 
two measurements are made (with the test leads reversed 
at the capacitor terminals for one of the measurements}. 
The larger of the two measurements should be greater than 
1 megohm for a satisfactory capacitor. 

A procedure which can be used to quickly determine 
whether the capacitors are the cause of low output is to 
substitute known good capacitors in the circuit and mea- 
sure the resulting output voltage, 


FULL-WAVE VOLTAGE DOUBLER. 


APPLICATION, 

The tull-wave voltage-doubler circuit is used to pro- 
duce o higher d-c output voltage than can be obtained from 
a conventional rectifier circuit utilizing the same input 
voltage. This voltage doubler is normally used where the 
load current is smal! and voltage regulation is not too 
critical; however, the regulation of the full-wave voltage 
doubler is better than that of the half-wave voltage doubler. 
The circuit is frequently employed as the power supply in 
small portable receivers and audio amplifiers and, in some 
transmitter applications, as a bias supply. 
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CHARACTERISTICS. 

Input to circuit is ac; output is pulsating de. 

D-c output voltage is approximately twice that obtained 
from half-wave rectifier circuit utilizing the same input 
voltage; output curtent is relatively small. 

Cutput requires filtering; d-c output ripple frequency is 
equal to twice the ac source frequency. 

Has relatively poor regulation characteristics; output 
voltage available is a function of load current. 

Depending upon circuit application, may be used with 
or without a power or isolation transformer. 

Uses indirectly heated cathode-type rectifiers. 


CIRCUIT ANALYSIS, 

General. The full-wave voltage-doubler circuit is 
used either with or without a transformer to obtain a d-c 
voltage from an a-c source. As the term voltage doubler 
implies, the output voltage is approximately twice the 
input voltage. The full-wave voltage doubler derives its 
name from the fact that the charging capacitors (C1 and C2) 
are in series across the load, and each capacitor receives 
a charge on alternate half-cycles of the applied voltage; 
therefore, two pulses are present in the load circuit for 
each complete cycle of the applied voltage. Although the 
voltage regulation of the full-wave voltage doubler is 
better than that of the half-wave voltage doubler, it is 
nevertheless considered poor as compared with conventional 
rectifier circuits. Therefore, use of the circuit is generally 
restricted to applications in which the load current is 
small and relatively constant. 

Cirevit Operation. A basic full-wave voltage-doubler 
circuit is shown in the accompanying circuit schematic. 
Fundamentally, the circuit consists of two half-wave 
rectifiers, V1 and V2, and two charging capacitors, C1 
and C2, arranged so thet eoch capucitor receives a charge 
on alternate half-cycles of the applied voltage. The volt- 
age developed across one capacitor is in series with the 
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voltage developed across the other; thus, the output 
voltage developed across the loac resistance is approx- 
imately twice the applied voltage. 

The rectifiers, V1 ond V2, are of the indirectly heated 
cathode type, ond are dgeatiedls -type diodes. Although the 
circuit schematic illustrates two seperate rectifie: 
twin-diode is generally used in the circ Ty pis 
twin-d: s desig "Gil 


je eiectron tut 


in-du y for use in 
voltage-doubler circuits are: 2525, SOY6, ond 117Z6. As 
indicated by the tube-type numbers, these tubes require 
nominal filament-supply voltages of 25, 50, and i17 volts, 
respectively. Because there are several possible filament 
circuit combinations, the ai filament for Vi and 
¥2 is not shown on the circuit schematic. 


voluc, or oe g tronsiormer 


tect value. In some equipments, | tne iilamenis cf otner 
tubes within the equipment are connected in series (or 
series- parallel), and this combin tion 2 18 then He 


when this is done, a voitage-dropping resistc: 
required. 

The charging capacitors, Ci ad C2, ure < 
capacitance value and are usudliy relatively inue i (19 to 
16 yf). Equalizing resistors Rl and R2, are connected 
across charging capacitors Cl ond C2, respectively; they 
are of equal value and are generally «reater than 2 megohis. 
Resistors Ki and 2 are not necessary for circuit operaiius: 
however, when included in the cirout, they have a dual 
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the Z 
to discharye the associated capacitors when the circuit is 
de- energizes. When Supacirors Cl and C2 are ianye, the 
peak charge curtent, : 
conducts, may be excessive. 
and offer protection to the rectifiers, u pruieciive 
resistor is placed in series with the a-c source. The value 
of the surge resistor is relatively small. generally 50 to 


tying capacita: 


One discdvantaue of th e fuli- 


aroun’ or te one side of the a-c source’ how- 


step-up or isolation transformar is used to 


net in the uairaie anuner 


the simplified circuits, parts 


the initial nali-cycie is ol ine 
of the illustraticr. 
by the otrows from tne n 
ugh rectifier 
the a-¢ source, ani to ihe neyutive 


The nner fnostinve! slate 


whale the lower inewinve: nice + 


CRIGINAL 


900,000. 102 POWER SUPPLIES 
electrons. Thus, during the initial half cycle, capacitor C1 
assumes a charge (Ec}) of the polarity indicated, which is 
equal to approximately the peak value of the applied a-c 
voltage. The voltage (Ec,) developed across charging 
Capacitor Cl does not remain constant, as shown by wave- 
form Ec,, but tends to vary somewhat because ofa small 
discharge current flowing through the parallel equalizing 
Tesistor (Ri) and because there is a tendency to discharye 
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ical Full-Wave Voltage-Doubler Circuit Operation 
and Waveforms 
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VOLTAGE TRIPLER. 


APPLICATION. 

The voltage-tripler circuit is used to produce a higher 
d-c output voltage than can be obtained from a conventional 
tectifier cireuit utilizing the same input voltage. It is nor- 
‘ed in “transformerless’! circuits where the load 


voltage regulation is not criti 


CHARACTERISTICS, 

Input to circuit is ac; output is pulsating de. 

Dc output voltage is approximately three times the volt- 
age obtained from a half-wave rectifier circuit utilizing the 
same input voltage; output current is relotively small. 

Cuivui requires Lileiing) deo output ripple frequency Lo 
either twice or equal to ac source frequency, depending 
upon tripler circuit arrangement. 

Has oor tegulation characteristics; output voltage 
le is a function of load current, 

Depending upon circuit application, may be used with or 
without a power or isolation transformer. 

Uses indirectly heated cathode-type rectifiers. 


CIRCUIT ANALYSIS. 

General. The voltagetripler circuit is used with or 
without a transformer to obtain a d-c voltage from an a-c 
source. As the term veltage tripler implies, the output volt- 
age {s approximately three times the input voltage. The 
voltage regulation of the voltage tripler is relatively poor 
‘ed with the requlation of either the heleyae or 
voltage doubler circuit. Ass! 
given valietenn diibtiae (doubler, tripler, or qusdrupes) 
circuit uses the same value ci capacitors in each instunce, 
the greater the voltage-multiplication factor of the circuit, 
the poorer is the regulation characteristics. However, the 
regulation characteristics can be improved somewhat by 
increasing the value of the individual capacitors used in 
the voltage-multiplier circuit. Because of the regulation 
characteristics of the voltage tripler, the use of the circuit 
is generally restricted to applicatic’ 
current is small and relatively const: 

Cirevit Operation. A basic voltage-tripler circuit is 
ng circuit schematic. Fundamentai- 
ly, this circuit consists of a half-wave voltage-doubler cir- 


voltage oi the other; thus, 
s the load resistance 18 9% 


and resistor i ‘ 2 
(the operation of the veltonesdautl ler circult was previously 

lesctibed in this section), Heetifier V3, charaing capacitor 
o and resistor R2 form a simple half-wave rect: 
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Basic Voltage-Tripler Circuit 


cathode breakdown voltage limitations imposed by the 
rectifier tubes themselves. 
Charging capacitors Cl, C2, and C3 are of equal capa- 
citance value and are usually rather large (10 to 20 pf) 
for 50- to 60-cycle a-c input. Resistors R} and R2 are con- 
nected across charging capacitors CZ and U3, respect- 
ively; they are generally greater than 2 megohms. Resistors 
Pl and P2 ste not necessary for circuit operation: however, 
when included in the circuit, they act as bleeder resistors 
to discharge the associated capacitors when the circuit is 
de-energized. 
One disad 
illustrated is thet neither d-c output terminal can be direct- 
iy connected to ground or to one side of the a-c source; 
however, when a step-up or isolation transformer is used to 
supply the input to the voltage tripler, either output terminal 


tage of the bas 


of the & 


voltage-trinler circuit 


“The operation of the basic ; galtasectiipler ‘citouit con be 
understood from the simplified circuits, parts A, B, and C, 
1@ waveforms, nart N shawn in the accompanying illus- 
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Assume that the a-c input to the voltagetripler circuit 
(during the initicl half-cycle) has the polarity indicated by 
the signs adjacent to the input terminals in part A of the 
illustration. Electrons flow in the direction indicated by 
the arrows from the right-hand (positive) plate of charging 
capacitor Cl, through rectifier tube V2 (cathode to plate), 
through the a-c source, and to the left-hand (negative) 
plate of charging capacitor Cl. (The positive plate of capa- 
citor Cl lacks electrons, while the negative plate has a 
surplus of electrons.) 

While the action described above for the simplified cir- 
cuit of part A is taking place, a similar action occurs (dur- 
ing the initial halt-cycle) for the simplified holf-wave cir- 
cuit given in part B. (Note that in part B, the a-c input has 
the polarity indicated by the signs adjacent to the input 
terminals, and, since these two circuits operate simultane- 
ously, the input polarity is the some as that shown in part 
A.) Electrons flow in the direction indicated by the arrows 
from the upper (positive) plate of charging capacitor C3, 
through the a-c source, through rectifier tube V3 (cathode 
to plate), and to the lower (negative) plate of charging 
capacitor C3. Thus, during the initial half-cycle, charging 
capacitor Cl assumes a charge (Ec?) of the polarity in- 
dicated in part A, and this voltage is equal to approximate- 
ly the peak value of »e applied a-c voltage; also, charging 
capacitor C3 assum. charge (Ee) of the polarity in- 
dicoted in part B, ana —-3 voltage is equal to approximate- 
ly the peak value of the -pplied a-c voltage. 

During the next half-cycle, the applied a-c input to 
the voltage tripler has the polarity indicated by the signs 
adjacent to the input terminals in part C of the illustration. 
The charge (Eci) existing across charging capacitor Cl is 
in series with the applied ac and will therefore add its 
potential to the peak value of the input voltage. Electrons 
flow in the direction indicated by the arrows from the upper 
(positive) plate of capacitor C2, through rectifier tube V1 
(cathode to plate), through charging capacitor C1 and the 
a-c source in series, and to the lower (negative) plate of 
charging capacitor C2. Thus, during the second half-cycle, 
charging capacitor C2 assumes a charge (Ec2) of the polar- 
ity indicated which is equal to the peak value of the applied 
a-c voltage plus the value of the charge (Ec) existing 
across charging capacitor Cl. As a result, the value of the 
voltage (Ee) across capacitor C2 is equal to approximate- 
ly twice the peak voltage of the applied ac, provided that 
charging capacitor Cl does not lose any of its initial charge. 

Charging capacitors C2 and C3 are connected in series 
across the load resistance; therefore, the d-c voltage 
delivered to the load is the sum of the voltages (Ec2 + Eca) 
developed across charging capacitors C2 and C3. The 
value of the d-c output voltage, eo, is approximately three 
times the peak voltage applied to the input of the voltage- 
teipler circuit. 

The output waveform, eo, contains a ripple component; 
therefore, filtering is required to obtain a steady d-c volt- 
age. The frequency of the main component of the ripple 
voltage is equal to twice the frequency of the a-c source 
because charging capacitors C2 and C3 receive charges on 
alternate half-cycles of the applied voltage. The value of 
the output voltage obtained from the voltage tripler is de- 
termined largely by the resistance of the load and the result- 
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ing load current. Assuming the same value for each of the 
charging capacitors in either rectifier circuit, the regulation 
of the voltage-tripler circuit is poor as compared with that 
of a typical voltage-doubler circuit. 

Two possible crrangements for a modified voltage 
tripler circuit are given in the accompanying illustration; 
part A shows a modified tripler 
output with the negative output terminal common to one 
side of the o-c source, and part B shows the circuit arranged 
for negative output with the positive output terminal common 
to one side of the a-e source. 
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C2. The operation of either tripler circuit (part A or part 
B) is briefly described in the following paragraph, 

During the initial half-cycle of the applied voltage, 
rectifier V3 conducts to charge capacitor C3. During the 
next half-cycle, the voltage across capacitor C3 is in series 
with the applied voltage, and rectifier V2 conducts to 
6 capacitor Cl to approximately twice the value of 
ak input voltage. On the next half-cycle, rectifier 
V3 again conducts to charge capacitor C3; at the same 
time, since the voltage across capacitor Cl is in series 
with the applied voltage, rectifier V1 also conducts to 
charge capacitor C2 to approximately three times the peak 
value of the input voltage. Thus, the voltage developed 
across capacitor C2 is the d-c output delivered to the load. 


its Glustrated in parts A 
its iitustfated in Barts Sy 


The ouipul uf ‘ 
and 8 requires filtering to obtain a steady d-c voltage. 
The frequency of the ripple voltage for either circuit arrange- 
is equal to the frequency of the a-c source because 
nly once for cach 
lied voltage, For this reason, 
the regulation is not as good as the regulation of the basic 


voltage-tripler circuit described earlier. 


tipler cis 


FAILURE ANALYSIS. 

No Ourput. In the basic voltage-tripler circuit, the no- 
cutput condition is likely to be limited to one of the follow- 
ing possible causes: the lack of filoment voltage to all 
tectifiers, the lack of applied a-c voltage, or a shorted load 
circuit (including filter circuit components). 

ss-envelope rectifier tubes can 
made to deter hether the filaments are lit; if the 
filaments are not lit, the presence of voltage should be 
determined by measurement. 

The a-c supply voltage shouid be measured at the in- 
put to the circuit to determine whether the voltage is pre- 
sent and is the correct value. If the circuit uses a step-up 
or isolation transformer, measure the voltage at the second- 
ary terminals to determine whether it is present and is the 
correct value. If necessary, the primary voltage should be 
removed from the transformer and continuity megsui 
of the primary and secondary windings made to determine 
Whe her one of the windings is open, since an Spen circuit 
er 3 will cause a lack of second olt 

"With the a-c supply voltage removed from the input to 
ie circuit ond with the load (including filter circuit) dis- 


tripler circuit includes resistors Rl ond RZ; therefore, the 
Tesistance measured ccross. Capacitors C2 and G3 will! note 
1ing less than the vaiue of the associated 
. Since the charging capacitors are elec 
esistance TERS Mate may Vary, 
teed pok 
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measurements, to determine the larger of the two resistance 
measurements. The larger resistance value is then ac- 
cepted as the measured value. 

Low Output. The rectifiers (V1, V2, and V3) should be 
checked to determine whether the cause of low output is 
low cathode emission. The lood current should be checked 
to make sure that it is not excessive, because the voltage- 
tripler circuit has poor regulation and an increase in load 
current (decrease in load resistance) can cause a decrease 
in output voltage. 

One terminal of each charging capacitor (C1, C2, and 
C3) should be disconnected from the circuit and each capa- 
citor checked, using a capacitance analyzer, to determine 
its effective capacitance ond leakage resistance. A de- 
crease in effective capacitance or losses within the capo- 
ceitor can cause the output of the voltage-tripler circuit 
to be below normal, since the defective capacitor will not 
charge to its normal operating value. If a suitable capa- 
citance analyzer is not available, an indication of leakage 
tesistance can be obtained by using an ohmmeter. First, 
disconnect one terminal of the capacitor from the circuit; 
then, using the ohmmeter procedure outlined for the no-out- 
put condition, make two measurements (reverse the test 
leads at the capacitor terminals for one of the measure- 
ments). The larger of the two measurements should be 
greater than 1 megohm for a satisfactory capacitor. 

A procedure which can be used to quickly determine 
whether the capacitors are the cause of low output is to 
substitute known good capacitors of the same value in the 
voltage-tripler circuit and measure the resulting output 
voltage. 


VOLTAGE QUADRUPLER. 


APPLICATION. 

The voltage-quadrupler circuit is used to produce a 
higher d-c output voltage than can be obtained from a con- 
ventional rectifier circuit utilizing the same input voltage. 
It is normally used in ‘‘transformerless"’ circuits where the 
load current is small and voltage regulation is not critical. 


CHARACTERISTICS. 

Input to circuit is ac; output is pulsating de. 

D-c output voltage is approximately four times the volt- 
age obtained from a half-wave rectifier circuit utilizing the 
same input voltage; output current is relatively small. 

Output requires filtering; d-c output ripple frequency is 
either equal to of twice the a-c source frequency, depending 
upon quadrupler circuit arrangement. 

Has poor regulation characteristics; output voltage 
available is a function of load current. 

Depending upon circuit application, may be used with 
ot without a power or isolation transformer. 

Uses indirectly heated cathode-type rectifiers. 


CIRCUIT ANALYSIS. 

General. The voltage-quadrupler circuit is used with 
ot without a transformer to obtain a d-c voltage from an a-c 
source. As the term voltage quadrupler implies, the output 
voltage is approximately four times the input voltage. The 
voltage regulation of the voltage quadrupler is very poor as 
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compared with the regulation of either the half-wave or the 
full-wave voltage doubler circuit. Assuming that a given 
voltage-multiplier (doubler, tripler, or quadrupler) circuit 
uses the same value of capacitors in each instance, the 
greater the voltage-multiplication factor of the circuit, the 
poorer will be the regulation characteristics. Because of 
the poor regulation characteristics of the voltage quadrupler, 
the use of the circuit is generally restricted to applications 
in which the load current is small and relatively constant. 

Circult Operation. Two basic voltage-quadrupler cir- 
cuits are shown in the accompanying circuit schematic. 
Each circuit (part A or part B of the illustration} consists 
of two half-wave voltage doublers arranged so that the 
output of one doubler circuit is in series with the output of 
the other; thus, the total output voltage developed across 
the load resistance is approximately four times the applied 
voltage. 

Rectifiers V3 and V4 and charging capacitors Cl and 
C4 form a conventional half-wave voltage-doubler circuit 
(the operation of the voltage-doubler circuit was previously 
described in this section). Rectifiers V1 and V2 and charg- 
ing capacitors C2 and C3 form a second half-wave voltage- 
doubler circuit; however, this voltage-doubler circuit oper- 
ates in cascade with the first voltage-doubler circuit and 
obtains its input from the voltage available across the series 
combination of charging capacitor C1, the applied a-c input 
voltage, and charging capacitor C4. 

Rectifiers V1, V2, V3, and V4 are identical-type diodes 
with indirectly heated cathodes. Because there are several 
possible filament circuit arrangements, the actual filament 
circuits are not shown on the schematic. It is necessary 
ta isolate the rectifier filament circuits from each other be- 
cause of the heater-to-cathode breakdown voltage limitation 
imposed by the rectifier tubes themselves; therefore, a fila- 
ment transformer with separate well-insulated secondary 
windings, or a single transformer for each rectifier tube, is 
tequired. This requirement for on independent filament 
(heater) voltage source for each rectifier tube places a 
practical limitation on the use of electron tubes in voltage- 
multiplier circuits; for this reason, the voltage-quadrupler 
circuit and other voltage-multiplier circuits generally employ 
semiconductor diodes as rectifiers in lieu of electron-tube 
diodes. 

Charging capacitors Cl, C2, C3, and C4 are of equal 
capacitance and are usually relatively large (10 to 20 yf} 
for S0- to 60-cycle a-c input; however, for some high-volt- 
age, low-current applicetions, such as in the high-voltage 
supply for cathode-ray tube indicators, the charging capa- 
citors may be relatively small (0.01 to 0.1 yf), especially 
if the a-c input frequency is much higher than the normal 
50- to 60-cycle input frequency. 

Resistors Rl and R2 are equalizing resistors for charg- 
ing capacitors C3 ond C4, respectively; they are of equal 
value and are generally greater thon 2 megohms. ‘Resistors 
Ri and R2 are not necessary for circuit operation; however, 
when included in the circuit, they have a dual purpose— 
they tend to equalize the voltages across charging capo- 
citors C3 and C4, and they also act as bleeder resistors 
to discharge the capacitars when the citcuit is de-~energized. 

The operation of the basic voltage-quadrupler circuit 
can be understood from the simplified circuits, parts A, B, 
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C, and D, given in the accompanying illustration. These 
simplified circuits are based upon the basic yoltage-quad- 
rupler circuit schematic (part A) given earlier in this dis- 
cussion. The operation of a typical half-wave voltage- 
doubler circuit was described earlier in this section of the 
handbook; therefore, the discussion which follows will only 
briefly describe the circuit operation when two yoltage- 
Goublet circuits ate arranged in cascade to obtain voltage 


quadrupier action. 


by the signs adjacent to the input terminais in part A of the 
accompanying illustration. Rectifier V4 conducts to charge 
capacitor Cl to thepeal e applied a-c input 
voltage. In part B cf the # i the next half- 


vals of the applied 
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voltage and thereby discharge capacitor Cl. In part C of 
the illustration, the applied voltage has the polarity in- 
dicated and is in series with the charge on capacitor C4 
(Eca) which causes rectifier V2 to conduct. This action 
charges capacitor C2 to twice the peak value of the input 
voltage, capacitor Cl to the peak value of the input voltage, 
and discharges capacitor C4 to zero. In part D of the illus- 
tration, the applied voltage has the polarity indicated and 
is in series with the charge on capacitor Cl (Ee1) and 
capacitor C2 (Ec2). At this time rectifier V1 conducts 
charging capacitors C3 and C4, Capacitors C3 and C4 are 
equal value capacitors and each will charge to twice the 
peak value of the applied voltage (a-c input plus EC, and 
ECe.) Since C3 and C4 are in series, the d-c voltage de- 
livered to the load resistance is the sum of the voltage 
(EC3 plus EC.) developed across capacitors C3 and C4, 
Because the voltage across each of these capacitors is 
equal to twice the applied voltage, the value of the d-c out- 
put voltage is approximately four times the peak voltage of 
the a-c input to the voltage-quadrupler circuit. 

The d-c output contains a tipple component; therefore, 
filtering is required to obtain a steady d-c voltage. The 
frequency of the main component cf the tipple voltage is 
equal to the frequency of the a-c source because capa- 
citors C3 and C4 simultaneously receive a charge, once 
for each complete cycle of the applied voltage. The value 
of the output voltage obtained from the voltage quadrupler 
is determined largely by the resistance of the load and the 
resulting load current. The regulation of the circuit is very 
Poor; for this reason, if the output voltage is to be main- 
tained at a high level, the load current must be kept small. 

The voltage-quadrupler circuit given in the accompany- 
ing circuit schematic is a variation of the basic cascade 
voltage-quadrupler circuits given earlier. 

In this circuit, two basic half-wave voltage-doubler 
Circuits are arranged back-to-back; each doubler-circuit in- 
put is connected to the common a-c source, and the two out- 
Put voltages, Ec3 and Ec4, are in series to produce the 
total output voltage, eo. Rectifiers V1 and V2 and charging 
capacitors C] and C3 form one doubler circuit; rectifiers 
V3 and V4 and charging capacitors C2 and C4 form the 
other doubler circuit. Each doubler circuit operates to 
charge its associated output capacitor (C3 or C4) to c value 
which is twice the peak value of the applied input voltage; 
as a result, the voltage produced across capacitors C3 and 
C4, in series, is four times the value of the applied input 
voltage. Because charging capacitors C3 and C4 receive 
a charge on alternate half-cycles of the applied input volt- 
age, the ripple frequency for this quadrupler circuit is equal 
to twice the frequency of the a-c source, 
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Two Half-Wave Voltage-Doublers Connected Back-to-Back 
To Form a Yoltage-Quadrupler Circuit 


Once it is recognized that this quadrupler circuit con- 
sists of two complete half-wave voltage-doublers connected 
back-to-back sharing a common input source and that meas- 
urements on each doubler circuit may be made as though 
they were two independent Circuits, then failure analysis 
becomes relatively simple. The circuit operation and fail- 
ure analysis for each doubler circuit is identical to that 
given for the basic half-wave voltage-doubler circuit des- 
ctibed earlier in this section of the handbook and, therefore, 
will not be discussed here. 


FAILURE ANALYSIS. 

No Output. In the voltage-quadrupler circuit, the no- 
output condition is likely to be limited to one of the follow- 
ing possible causes: the lack of filament voltage or an 
open filament in two or more rectifiers, the lack of applied 
arc voltage, a shorted load circuit (including filter circuit 
components), or an open in one or both of the charging capa- 
citors, Cl and C2. 

The failure analysis procedures for the no-output cond- 
ition are esentially the same as those given for the volt- 
age-tripler and half-wave voltage-doubler circuits described 
previously in this section of the handbook. 

Low Output. The failure analysis for the low-output 
condition is esentially the same as that given for the volt- 
age-tripler circuit described previously and is somewhat 
similar to that given for the half-wave voltage-doubler cir- 
cuit described earlier in this section of the handbook. The 
procedure for substituting known good capacitors of the 
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same value in the voltoge-quadrupler circuit and measuring 
the resulting output voltage may be used to quickly deter- 
mine whether the charging capacitors ate the cause of low 
output. 


HIGH-VOLTAGE (CRT) SUPPLY, AUDIO-OSCILLATOR 
TYPE. 


APPLICATION. 
The audio-oscillator type hish-veltage supply is used in 
electronic equipment for applications requiring extremely 
high-voltage de at a small load current. The output circuit 
can be arranged to fumish negative or positive high voltage 
to the load. The supply is commonly used to provide the 
high voltage far arcaleratina and final anodes. ultor, and 
other similar electrodes of catnode-ray tubes used in 
dicators. It is sometimes used as c keep-a! 


ce in radar equipment. 


2 voltace 
e voltage 


CHARACTERISTICS. 

Uses a self-excited oscillator circuit combined with a 
rectifier circuit. 

Typical operating frequency is between 400 to 3000 
cycles. 

Output is high-voltage de ot low current. 

Regulation is fair; may be improved by regulating oscil- 
lator d-e supply voltage. 

The rectifier circuit can be arranged to provide either 
positive- or negative-polarity output voltage. 


CIRCUIT ANALYSIS. 

General. The audio-oscillator type high-voltage supply 
fs a selbexcited oscillator op 
range. The oscillator generates o voltage which is either 
sinusoidal or square wave in form, depending upon the cir- 
cuit design. The rectifier circuit used in conjunction with 
the oscillator circuit is commonly o half-wave rectifier or « 
full-wave voltage-doubler circuit and uses either electron 
tubes or semiconductor diodes as rectifiers. The d-c out- 
put filter component values ate determined by the desired 
output impedance of the high-voltage supply and by the freq- 
uency of the applied a-c generated by the o: 
In most cases, the output impedance is given first consider- 
ation in the design of the filter circuit, rather than the re- 


ly os constant 2: iol emrod 
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e supplying the oscillator circuit. For this reason. it 


+l percent so that ¢! 
output voltage can be maintained reasonably constant 4 
given load current. 

Circult Operation. 7" 


in conjunction with a full-wove voltage-doubler circuit to 
obtain hi ut. Phe operation of the selt- 
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High-Yottage Supply, Audio-Csc 
Triode Tube 


doubler circuit has already been described in this section 
of the handbook. For these reasons, the discussion which 
follows will be somewhat limited because the circuit is a 

combination of two basic Circuits discussed elsewhere in 

this handbook. 

Electron tube V1 is a twin-triode, such as the type 5670 
or 636; if desired, two identical-type triode tubes may be 
used in this circuit in lieu of the single twin-triode. Elec- 
tron tubes V2 and V3 are identical diodes using directly- 
heated cathodes, such as the type 1B3, 1V2, or 1X2, and 
are specifically designed for high-voltage appiications, 
The parallel combination of resistor Rl and capacitor C1 
{s used to obtain operating (grid-leak) bias for the self- 
excited oscillator circuit. Transformer Ti is the oscilicator 
and high-voltage transformer; in the schematic 
adjocent to windings Li, L2, L3, and L4 are ui 
dicate similar winding polarities. Windings Ll and L4 are 
the push-pull oscilictor grid windings, and windings L2 and 
L3 are plate windings. Capacitor C2 forms ¢ resonant cir- 
cuit with the inductance of windings L2 and L3 te deter 
quency of oscillation. Transformer windings 
LS and L6 supply the filament current to the diodes, V2 and 
V3, respectively. Although windings L5 and L6 are shown 
as part of transformer Tl, a separate filament transformer 
with independent, well-insulated windings is sometimes 
used as the filament supply. {A filament supply 1s not nec- 


used in the rectifier 


mine tie it 
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is the ac source for the rectifier circuit. Depending upon 
the design of the transformer and the circuit constants used, 
the oscillator circuit generates a sinusoidal waveform at 
the high-voltage winding, or, if the circuit operates in a 
switching mode, it generates a square wave. 

Capacitor C3 and variable resistor R2 form a decoupling 
filter to prevent interaction between the oscillator circuit 
and the d-c supply, Resistor R2 is also used to vary the 
d-c potential applied to the oscillator circuit. A change in 
the applied voltage affects the amplitude of the voltage ac- 
toss winding L7 which is applied to the rectifier circuit; 
therefore, the setting of resistor R2 determines the high- 
voltage output within certain limits and may be adjusted to 
obtain a predetermined output voltage. 

Capacitors C4 and C5 are the charging capacitors of the 
voltage-doubler circuit. Since the frequency of the applied 
voltage is in the audio range and the load current is small, 
the value of these capacitors is relatively small. Resistors 
R3, R4, and RS in series form a bleeder and a voltage-di- 
vider resistance for the output of the doubler circuit, The 
tap at the junction of resistors R3 and Rd enables a lower 
voltage to be supplied to a low-current lead, such as the 
lower-voltage electrodes of a cathode-ray tube. In actual 
practice, resistors R3 and R4 are made up of a number of 
resistors in series to obtain the desired value of total resis- 
tance for each portion of the bleeder (R3 and R4). To pre 
vent failure, the voltage drop across each resistor must be 
less than the maximum terminal-voltage rating of the resis- 
tor. 

Resistor RS is used for test metering purposes, to per- 
mit measurement of the high-voltage d-c output without the 
requirement for a special voltmeter or high-voltage probe. 

A precaleulated voltage drop across R5, when read with a 
high-resistance voltmeter, will indicate the presence of 
the correct value of high voltage, 

In general, the output-voltage regulation of this supply 
is sufficient for most cathode-ray-tube circuit applications 
since the stability of the output voltage can be held to + 1 
Percent by regulating the d-c supply voltage applied to the 
oscillator circuit. 

The oscillator circuit using a twin-triode tube offers 
several advantages; its efficiency is relatively high and it 
Tequires fewer parts than does a comparable circuit which 
uses a single pentode. Furthermore, the teliability of the 
twin-triode oscillator circuit is better than that of a compar- 
able pentode circuit, because it has the ability to oscil- 
late even after failure of one triode section of the tube. It 
@ failure of this nature should occur at a time when con- 
tinued operation is vital to the mission, sufficient voltage 
will normally be available to sustain emergency operation 
with reduced efficiency until corrective maintenance can be 
performed. 

The accompanying circuit schematic illustrates a single 
Pentode used in a self-excited oscillator circuit to produce 
9 sinusoidal voltage. The oscillator is fundamentally a 
Serles-fed Hartley oscillator with grid stabilization; the 
operation of this circuit is similar to that of the convention- 
Gl Hartley oscillator described elsewhere in this handbook. 
The rectifier circuit commonly used with the pentode oscil- 
lator is a full-wave voltage doubler and employs either elec- 
tron tubes or semiconductor diodes as rectifiers; however, 
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the schematic does not show the associated rectifier cir- 
Cuit because it can be the same as that illustrated for the 
twin- triode oscillator given earlier in this discussion. 


OUTPUT 
To 

RECTIFIER 

CIRCUIT 


High-Voltage Supply, Avdio-Oscillator Type Using 
Pentode Tube 


Electron tube V1 is a pentode such as the type 5763, 
The parallel combination of resister Rl and capacitor Cl 
is used to obtain operating bias for the seli-excited oseil- 
lator circuit. Transformer T1 is the oscillator and high- 
voltage transformer. In this transformer, winding L1 is tap- 
ped for the series-fed oscillator circuit and is in parallel 
with capacitor C4 to determine the resonant frequency of 
the oscillator. Winding L2 is the high-voltage winding and 
is the a-c source for the rectifier circuit. (The pentode 
oscillator circuit generates a sinusoidal waveform.) Al- 
though not'shown, if electron-tube diodes are used in the 
rectifier circuit, additional windings may be required to sup- 
ply the rectifier filament current, Capacitor C3 couples the 
gtid of V1 to the grid-winding portion of Ll and also acts 
as a d-c blocking capacitor. Capacitor C2 is the screen 
bypass, and resistor R2 is the screen-dropping resistor. 
Capacitor C5 and resistor R3 form a decoupling filter; capa- 
citor C5 also returns the tap of winding L1 to signal 
ground (cathode) potential. 

The pentode oscillator circuit found in various equip- 
ments may differ somewhat from the circuit given in the ac- 
companying schematic. Several typical variations are as 
follows: A small capacitor may be connected between the 
control grid and the plate of V1 to increase the gtid-to-plate 
Capacitance and thus provide additional feedback to sus- 
tain oscillation; a resistance may be placed in series with 
Capacitor C3 to help stabilize the circuit and limit the amp- 
litude of oscillations; and a variable resistor may be placed 
in series with either scteen-dropping resistor R2 or decoup- 
ling resistor R3 to permit adjustment of the screen voltage 
or both the plate and screen voltages. A change in the ap- 
plied oscillator voltage(s) will affect the output amplitude 
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of the oscillator and will therefore affect the high-voltage 
output of the supply. 


FAILURE ANALYSIS 

General, The audio-oscillator type high-voltage suppiy 
consists of two basic circuits—an oscillator nd a rectifier. 
Tt must be determined initially whether the oscilletor or the 
rectifier portion of the power-supply circuit 1s at fault. 
Tests must be made to determine whether the oscillator is 
performing satisfactorily; if it is, the trouble is then assum- 
ed to be located within the associated rectifier circuit. 
The failure analysis outlined in the following paragraphs is 
somewhat brief because the subject of electron-tube oscil- 
lators is discussed in another section of this handbook; 
furthermore, the particular high-voltage rectifier circuit may 
be the same as one of the rectifier circuiis described ecr- 
lier in this section. Since the audio-oscillator type high- 
voltage supply is a combination of two basic circuits, infor- 
mation concerning failure analysis for either portion of the 
high-voltage supply can be obtained by reference to the ap- 
plicable basic circuit given elsewhere in this handbook. 

No Output. When the oscillator is in a nonoscilJating 
condition, negative grid voltage will not be developed 
across R1C1, and the measured plate (and screen) voltage 
of oscillator tube V1 will be below normal. The applied 
filament and plate (ond screen) voltages should be meas- 
ured to determine whether these voltages are present and 
of the correct value. The oscillator tube, V1, may be te- 
placed with one known to be good to determine whether it 
is defective. Excessive losses in the L-C resonant Circuit 
formed by the transformer and its associated capacitor wiil 
prevent sustained oscillotion; the transformer windings 
should be checked for continuity, and the associated capa- 
citor should be checked to determine whether it is open or 
shorted. Shorted capacitor in the circuit will prevent oscil- 
lation; therefore, all capacitors should be checked with a 
suitable capacitance analyzer tc determine whether they 
are satisfactory. An open transformer winding would nor- 
mally prevent sustained oscillations, however, in the twin 
triode oscillator circuit, there is a possibility that one coil 
could resonate with stray capacity and oscillate (at a high- 
et frequency} and produce a low output. 

If the oscillator circuit is found to be functioning nor- 
mally, then it must be assumed that the trouble is associated 
with the rectifier circuit or its Inad, and a check of the 


accordance 


cedures outlined earlier in this section tor +’ 
rectifier circuit. 

Low Output. A relative indication of ose: 
can be obtained by measuring the count of bias voltage 
developed across RIC!. A value of vias which 1s beiow 
normal is an indication of low oscillator output. Also, if 
the applied plate (and screen) voltage i is bel 
reduction in output will occur. The applied filament and 
plate (also screen) voltages should be measured to deter- 
mine whether they are within tolermmce; a I0-percent varic- 
tion in applied filament voltage will not appreciably affect 
the output of the supply, but a small change in applied plate 
voltage will produce a noticeable change in output. 
de oscillator ciroust, trout 


In the twin-triode oscillcter 


section (such as low cathode emis: 
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ance, of an open tube element) or an open winding in trans- 
former Tl will cause a reduction in output. The tube may 
be replaced with one known to be good and the checks re- 
peated; continuity measurements of the windings of trans- 
former T1 can be made to determine whether any of the 
windings are open. in the pentode oscillator circuit, « 
lecky screen bypass (C2) will form a a“, divider with 


ihe screen-diopping re: ce) 
screen voltage; thus, the Surpu of the supply will be low. 
If the oscillator is found to be operating normally, a 
defect within the rectifier circuit or associated load must 
be suspected as the cause of low output. For example, be- 
cause of the relatively high-impedance rectifier and filter 
circuits, an excessive load current can cause the output 
voltage to be low. Failure analysis procedures for typical 


-voltage supplies are ou: 


earlier in this sectior:. 


HIGH-VOLTAGE (CRT) SUPPLY, R-F OSCILLATOR 
TYPE. 


APPLICATION. 

The r-f oscillator type high-voltage supply is used in 
electronic equipment for applications requiring extremely 
high-voltage de at a small load current. The output circuit 
can be arranged to furnish negative or positive high voltage 
to the load. The supply is commonly used to provide the 
high voltage for the accelerating and final anodes, the ultor, 
ond other similar electrodes of cathode-ray tubes used in 
video indicators. 


CHARACTERISTICS. 

Uses a self-excited 1-t oscillator circuit combined with 
a fectifiet circuit 

Typical operating frequency is hetween 40 and 600 kilo~ 
cycles. 

Output is high-voltage de at low current. 

Regulation is peor; may be improved considerably by 
additional circuitry to control the oscillotor output. 

The rectifier circuit can be arranged to provide either 
Positive- or negative-polarity output voltage. 

Circuit may require shielding to prevent undesirat 
radiation from interfering with other equipments. 


CIRCUIT ANALYSIS. 


General. ie ot oscillator type his voltage supply 15 


wave rectifier or a voltage-doubler circuit. The rectifier 


circuit may em; ee either electron-tubes or semiconductor 
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applications where the load is constant. Although the re- 
qulation characteristics of the supply can be improved con- 
siderably by the addition of regulator circuits to control the 
oscillator output, the additional circuitry required in some 
cases makes it impracticable to do so because of the added 
space, weight, number of components, etc. 

Circuit Operation. The accompanying circuit schematic 
illustrates a self-excited pentode power oscillator used in 
conjunction with a full-wave voltage-doubler circuit to ob- 
tain high-voltage de output. The oscillator is fundamental- 
ly a series-fed tuned-plate, untuned-grid (tickler) oscil- 
lator circuit. The operation of the oscillator is essentially 
the same as that described, under OSCILLATORS, in 
Section 7 of this handbook, for the Tuned-Plate Armstrong 
Oscillator circuit; the operation of a typical full-wave volt- 
age-doubler circuit has already been described in this sec- 
tion (Section 4) of the handbook. For these reasons, the 
discussion which follows will be somewhat limited. 

Electron tube V1 is a pentode tube, such ds type 6V6 
or 6Y6. Electron tubes V2 and V3 are identical directly- 
heated diodes, such as type 1B3, 1V2, or 1X2. The paral- 
lel combination of resistor Rl and capacitor Cl is used to 
obtain operating (grid-leak) bias for the self-excited oscil- 
lator circuit. The air-core transformer, Tl, is the oscil- 
lator tank circuit and high-voltage transformer. Winding 
L1 is the primary winding of the transformer, and is reson- 
ated by tuning capacitor C4 to determine the frequency of 
oscillation, Winding L2 is the untuned-grid (tickler) coil, 
which supplies the necessary feedback to the grid of V1 to 
sustain oscillations. (The ratio of the relative reactances 
of Ll and L2 determines the exciting voltage for the oscil- 
lator grid.) Windings L3 and L4 supply the filament current 
to the rectifier diodes, V2 and V3, respectively. Winding 
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L5 is the high-voltage (step-up) winding, and is the a-c 
source for the rectifier circuit. 

Capacitor C2 is the screen bypass capacitor, and resis- 
tor R2 is the scteen dropping resistor. Bypass capacitor 
C3 returns the series-fed primary winding, L1, to rf ground 
potential, and the r-f choke (RF'‘C) prevents any radio-freq- 
uency currents from entering the plate-voltage source, Ey. 

Capaciters CS and C6 are the charging capacitors of 
the voltage-doubler circuit. Since the frequency of the ap- 
plied voltoge is between 40 and 600 kilocycles, and the 
load current is a low value, the value of these capacitors 
is relatively small, generally about 1000 zyuf. Furthermore, 
because the ripple-frequercy component is also in the radio- 
frequency range, there is little need for large-value filter 
componenis. Resistors R3, R4, and R5 in series form a 
bleeder and voltage-divider resistance for the output of the 
doubler circuit. 

As previously mentioned, primary winding L1 is tuned 
to resonance by capacitor C4. The resonant frequency of 
the high-voltage winding, LS, is determined primarily by the 
shunting capacitances of rectifier V3 and capacitor C6 in 
series, as well as stray circuit capacitance resulting from 
wiring and the physical placement of other circuit compon- 
ents. The r-f oscillator power supply {s normally designed 
so that the maximum output voltage obtainable is greater 
than the output voltage required to be delivered to the load. 
Maximum output voltage is developed when the oscillator 
frequency is equal to the natural resonant frequency of L5 
in parallel with its shunting capacitance; therefore, the 
desired value of output voltage is obtained by adjusting 
tuning capacitor C4 to set the oscillator frequency near the 
natural resonant frequency of LS and its shunting capacit- 
ance. The voltage produced across winding L5 is applied 
to the voltage-doubler circuit, and, since the dec output 
voltage contains a ripple-frequency component which is 
twice the frequency of the applied a-c voltage, the output 
requires very little filtering. 

The use of grid-leak bias (R1C1) tends to make the 
oscillator self-regulating with respect to its power output, 
because the oscillator operates as a Class C stage, the 
efficiency is fairly high. The regulation of the supply is 
considered adequate for most cothode-ray-tube circuit ap- 
plications where the load current is always constant; how- 
ever, any change in the voltages applied to the oscillator 
circuit, a change in the oscillator frequency, or a change in 
the load current will affect the output voltage and thus 
cause poor requlation, Therefore, if good regulation is re- 
quired, a voltage regulator circuit must be added. Another 
disadvantage of the r-f oscillator power supply is that it 
must be well shielded tc prevent the oscillator fundamental 
frequency or its harmonics from being radiated as on un- 
desired signal, cousing interference within the associated 
equipment ot perhaps affecting nearby electronic equipments. 


FAILURE ANALYSIS. 

General, The r-f oscillator type high-voltage supply 
consists cf two basic circuits—an oscillator and a rectifier. 
it must be decesmied initially whether the oscillator or the 
tectiffer portion of the power-supply circuit is ot fault. 
Tests must be made to determine whether the oscillator is 
performing satisfactorily; if it is, the trouble is then as- 
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sumed to be located within the associated rectifier circuit 
or its load circuit. The failure analysis outlined in the 
following paragraphs is somewhat brief because the subject 
of electron-tube oscillators is discussed in another section 
of this handbook; furthermore, the particular high-voltage- 
rectifier circuit may be the same as one of the rectifier 
circuits desctibed earlier in this section. Since the t-f 
oscillator high-voltage supply is a combination of two basic 
citcuits, information concerning failure analysis for either 
portion of the high-voltage supply can be obtained by refer- 
ence to the applicable basic circuit given elsewhere in this 
handbook, 

No Output. When the oscillator is in a nonoscillating 
condition, negative grid voltage will not be developed 
aernss RIC], and the measured plate and screen voltages 
of oscillator tube Vi will be beiow normal. The applied 
filament, plate, and screen voltages should be measured to 
determine whether these voltages are present and are of the 
correct value. To determine whether the oscillator tube, 
V1, is defective, it may be replaced with a tube known to be 
good. 

Excessive losses in the air-core transformer, Tl, ot 
shorted capacitor Cl, C2, C3, or C4 will prevent the oscil- 
lator from operating. Also, defective components in the 
rectifier circuit associated with the high-voltage winding, 
LS, may introduce losses into the oscillator circutt which 
will prevent oscillator operation. With all voltages removed 
from the circuit, disconnect one lead from winding LS, or 
remove rectifiers V2 and V3 from their sockets; then re- 
apply the voltages and again perform tests on the oscil- 
lator to determine whether the osciliator will operate under 
no-load conditions. 

Tf the oscillator circuit is found to be functioning nor- 
mally, it must be assumed that the trouble is associated 
with the rectifier circuit ot its load, and a check of the 
rectifier circuit must be made in accordance with the pro- 
cedures outlined in this section for the appliceble rectifier 
circuit. 

Low Output, A relative indication of oscillator output 
can be obtained by measuring the amount of bias voltage 
developed across RIC]. A value of bias which is below 
lg is an indication of low oscillator output. Also, if 


stl in output will occur. A lecky scteen bypass capas 
citor, C2, will form 2 voltage divider with screen dropping 
ised screen voltage; this, 

1 be low. 

e oscillator tube, Vi, is the 

y be replaced with tube known 


low output. 
It is possible that the low output condition may be 


caused by a change in oscillator frequency away from the 
resonant frequency of the high-voltage winding L5. (A 
ecillotor frequency toward the resonant fred 
otdinarily couse a higher than norina! out- 
ment of tuning capacitor C4 can be made in 


case in an attempt to 
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change in the 
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al output voltage. 
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If the oscillator is found to be operating normally, a de- 
fect within the rectifier circuit or the associated load must 
be suspected as the cause of low output. For example, be- 
cause of the relatively high-impedance rectifier and filter 
circuits and the generally poor regulation characteristics 
of this type of supply, an excessive load current can cause 
the output voltage to be low. Failure analysis procedures 


circuits used i 


are outlined earlier in this section. 
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PART 8. SEMICONDUCTOR CIRCUITS 


SEMICONDUCTOR RECTIFIERS. 
General. The application of semiconductos rectifiers 
in the design of power supplies for electronic equipment is 


increasing. The characteristics which have caused this 


increase are: no requirement for Hloment feathode) newer 
inoreaes Re segarement AGment Cathode, Power, 


immediate operation without need for warmnup ames low in- 
ternal voltage drop substantially independent of load cur- 
tent, low operating temperature, and generally small phys- 
ical size. 

Fomnerly, metallic or dry-dis: 
oxide, copper-sulfide, and esleniuz 
Pome in low- 


tifiers, such us coppei- 
m1 rectifiers, were usec 
@ limited fn 


used el ig § 
used as power  rectifi 


oti fee fe ae eda the silicon types, makes 
it practical to place these units in series to handle the 
higher inpui voltages. 

The semiconductor rectilier is utilized as a diode in 
power-supply circuits in much the same manner as the elec- 
tron-tube diose. A semiconductor rectifier can be substi- 
tuted ior each electron-tube diode in almost every basic 
power supply circuit given in Part A of this handbook sec- 
tion; furthermore, many power-supply circuits which were 


ally designed to use tubes and were for 


Pac! cable Cun Gow be used to udvantage by wicuip- 
erating semiconductor rectifiers in lieu of electron-tupe 
siodes. For exampie, a voltage-tau 
many stages to obtain an extremely fi 

comes practicable when semiconductor 
sad because the need for an independen 
source for each stage (to operate directiy-heated diodes) 
is eliminated. 
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Equivalent Rectifier Circuits 


Yhe terminal of the semiconductor diode (CHI), shown 
in part 5, which corresponds to the cathode (or filament) of 
the electron-tube diode (V1), shown in part A, is usually 
identified by a colored det or band, or by c plus (+) sign, 
ter ‘’K‘’, the schematic symbol, or other similar 
means of identification stencilled on the rectifier itself. 
The power supply circuits described in this section of the 
handbook and their associated schematics will use the 
semiconductor-diode symbol in the same manner as shown 
in the circuit (part B} above. 

Rectifier Ratings. The use of one or a combination of 
3 AM rectifiers it any 
given circuit is based upon the voltage and current require- 
ments of the circuit. All semiconductor rectifiers are sub- 
ject to certain voltage breakdown and current limitations; 
for these reasons the rectifier is usually rated in aecord- 
ance with its ability to withstand a given peak-inverse volt- 
cae, its ability to conduct in terms of a maximum d-c load 
current, or its working rms (applied a-c input) voltage. 

The semiconductor rectifier has an extremely low forward 
resistance, and precautions are generally taken in the cir- 
cuit design to ensure that the peak-current rating of the 
jeclitier iz not exceeded, especiaily if the rectifier is used 

ith a capacitance-input filter. For this reason, a small 
yoiue resistor, Called G surge resistor, is trequently placed 
in series with the rectifier to limit the peak current through 
the tectituer: however, if there is sufficient resistance in 


Gang (or the 


ne souicel, the BELRs Tesis- 


Sa the circuit, “Te ap aioe 


gieuier) ic op- 
ely so onms tot jow-Current rectifiers (S0 mill 


ow 
An idea! rectiiier would nave no (zero) resistance in the 
forward direction and infinite resistance in the reverse dir- 
ection. (The electron tube approaches an ideal diode.) In 
semiconductor ret 
wete resistance is very smail and almost Son StOy but the 
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generally so much greater than the associated load resist- 
ance. Under normal operating conditions, as long as the 
rectifier is not subjected to severe overload or otherwise 
abused, the rectifying action is very stable. The only ef- 
fect of long use is a gradual increase in the forward resist- 
ance with age and, depending upon the rectiffer type, a 
gradual increase in the amount of heat developed. An in- 
dividual rectifier cell (or element) can withstand only a 
given peak-inverse voltage without breakdown or rupture of 
the cell; therefore, if higher peak-inverse voltages are to 
be sustained, a number of cells must be connected in serles. 
Therefore, it is common practice to place many individual 
cells in series, or to ’stack’’ several complete rectifier 
units, to obtain the desired characteristics and ratings 
necessary to withstand the peak-inverse voltage of the cir- 
cult without breakdown. 

When rectifiers are placed in series (or stacked) to meet 
the voltage requirements of the circuit, the total forward 
resistance is increased accordingly. It is normal for this 
forward resistance to develop some heat; for this reason, 
many types of rectifiers are equipped with cooling fins or 
are mounted on “heat sinks’’ to dissipate the heat. These 
tectiffers are cooled by convection air currents or by forced- 
air. In some special applications, a lange number of recti- 
flers may be incased in an oil-filled container to help dis- 
sipate heat. Similarly, just as rectifiers are placed in 
series to meet certain voltage requirements, they may also 
be placed in parallel to meet power (current) requirements; 
however, when rectifiers are operated in parallel to provide 
for an increased curtent output, precautions are usually 
taken to ensure that the parallel rectifiers have reasonably 
similor electrical characteristics. 

Semiconductor Rectifier Cirevit Analysis. As mentioned 
before, the rectifying action of a semiconductor diode is the 
same as that of an electron-tube diode; for this reason, the 
various power-supply circuits in this part of the handbook 
are described only briefly, especially where the basic cir- 
cuit is the counterpart of the electron-tube circuit. Since 
many of the power-supply circuits are similar, much of the 
detailed theory of circuit operation can be omitted for the 
semiconductor version, because the rectifier action is ident- 
ieal with that given for the corresponding electron-tube 
circuit described in Part A of this section. 

Semiconductor Rectifier Failure Analysis. Depending 
upon the semiconductor type, materials, and construction, a 
visual check of rectifier appearance may or may not re- 
veal a defective rectifier. Since rectifier failure is not 
always accompanied by a change in physical appearance, 
an ohmmeter check or an electrical test may be necessary 
to determine whether the rectifier is damaged or defective. 
Improper rectifier operation may result from a change in the 
rectifier characteristics; that is, the rectiffer can be open 
or shorted, its forward resistance can increase, or {ts re- 
verse Tesistance can decrease. 

An ohmmeter can be used to make a quick, relative 
check of rectifier condition. To make this check, discon- 
nect one of the rectifler terminals from the circuit wiring, 
and moke resistance measurements across the terminals 
of the rectifier. The resistance measurements obtained 
depend upon the test-lead polarity of the ohmmeter; there- 
tore, two measurements must be made, with the test leads 
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teversed at the rectifier terminals for one of the measure- 
ments. The larger resistance value is assumed to be the 
Teverse resistance of the rectifier, and the smaller resist- 
ance value is assumed to be the forward resistance. ‘Meas- 
urements can be made for comparison purposes using an- 
other identical-type rectifier, known to be good, as a 
standard. Two high-value resistance measurements in- 
dicate that the rectifier is open or has a high forward resis- 
tance; two low-value resistance measurements indicate 

that the rectifier is shorted or has a low reverse reststance. 
An apparently normal set of measurements, with one high 
value and one low value, does not necessarily indicate 
satisfactory or efficient rectifier operation, but merely shows 
that the rectifier is capable of rectification. The rectifier 
efficiency is determined by how low the forward resist- 
ance is as compared with the reverse resistance; that is, 

it is desirable to have as great a ratio as possible between 
the reverse and forward resistance measurements. However, 
the only valid check of rectifier condition is a dynamic 
electrical test which determines the rectifier forward cur- 
rent (resistance) and reverse current (resistance) para- 
meters. 


SINGLE-PHASE, HALF-WAYE RECTIFIER. 


APPLICATION. 

The single-phase, half-wave rectifier is sometimes used 
in electronic equipment for applications requiring a d-c out- 
put voltage from an a-c source. It is frequently used in 
“transformerless" circuits where the load current is small 
and voltage regulation is not critical and also where small 
space, light weight, high efficiency, ruggedness, and long 
life are important considerations. The circuit is often 
employed as the power supply in small recetvers and audio 
amplifiers. It is also used in low-voltage battery chargers 
and in some equipment applications, as a bias supply. The 
tectifier circuit can be arranged to fumish either negative 
or positive d-c output to the load. 


CHARACTERISTICS. 

Input to circuit is ac; output is pulsating de. 

Uses semiconductor diode as rectifier. 

Output requires filtering; d-c output ripple frequency is 
equal to a-c source frequency. 

Has relatively poor regulation characteristics. 

Depending upon circuit application, may be used with 
or without a power or isolation transformer. 

Circuit provides either positive- or negative-polarity 
output voltage. 


CIRCUIT ANALYSIS. 

Generol. The single-phase, half-wave rectifier is the 
simplest type of rectifier circuit. It consists of a semicon- 
ductor rectifier (diode) in series with the alternating source 
and the load. Since the rectifier conducts in only one dir- 
ection, electrons flow through the load and through the 
tectifier once duting each complete cycle of the impressed 
voltage. Thus, the electrons flow through the load in pulses, 
one pulse for every other half cycle of the impressed volt- 
age. 
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Circuit Operation. In the accompanying circuit sche- 
matic, parts A and B illustrate a semiconductor diode, CR1, 

used in two variations of a basic single-phase, half 

wave rectifier circult. These two circuit variations use a 
transformer, Tl, as an isolation transformer or to step up 
the alternating-source voltage to a higher value in the 
secondary. The use of a transformer in this circuit permits 
either d-c output terminal to be placed at ground ( sis) 
potential. The two circuit variations shown in partis C and 
D do not use a transformer, but operate directly from the 
a-¢ source. Both circuits shown in parts C and D place 
one side of the a-c source at a d-c potential, and thus re- 
stricts the output of the supply to either a positive dc noe 
tential (part C) or a negative d-c potential (part D). 


ae nq 
INPUT | 


Basic Half-Wave Rectifier Circuits 


Tn the four circuits illustrated, the function of semicon- 
ductor fliode CRI is the same for each circuit. However, 
because of the manner in which the diode is placed in the 
circuit, electrons flow through the load in the direction in- 
dicated by the arrow adjacent to the load resistance. The 
d-¢ output polarity for each circuit is indicated L by the signs 

associated with the load resistance 

gtephic symbol for diode CRi poinis ia the direction oft cur- 
rent flow according to conventional (positive-to-negative} 
current theory; electron flow is in the opposite direction. 
The letter ’K'’ assiqned to one terminal af the qraphic 
symbo! for CR] indicates that this terminal corresponds 
to the cathode (filament) of a electron-tube diode. There- 
fore, the terminai represented by tne sciid-arrow portion of 
the graphic symbol! corresponds to the plate of an electron- 
tube diode. 


Each of the four circuits shows 


with the semiconductor dioae. 17 
surge resistos, ke 
ta a safe value. 
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a-c voltage, the resistance of the load circuit, the filter- 
circuit input capacitance, and the peak current rating of the 
semiconductor diode. If there is sufficient resistance in 
the secondary winding of transformer T1 (shown in parts A 
and B) of in the ac source (parts C and D}, the resistor 
may be omitted; also, if the load circuit of the supply in- 
cludes a choke-input filter, the resistor may be omitted. 

The operation ‘of the half-wave rectifier circult can be 
understood from the simplified circuits, parts A and B, and 
the waveforms, part C, shown in the secompanying illus- 
tration. 

Assume that the oc voltage applied to the input term- 
inals of the rectifier circuit during the initial half-cycle has 
the polarity indicated in part A of the illustration. Electrons 
flow int the direciiun indicated by the smaii arrows from the 
lower (negative) input terminal, through the load, through 
rectifier CR, and to the upper (positive) input terminal. 

Thus, during ta: half-cycle, rectifier CR passes 
ard direction, and an Output 
voltage is developed across the load resistance. In other 
words, when the rectifier conducts, electrons pass through 
the load to develop a corresponding output-voltage pulse, 
as shown in part C of the illustration. 

During the next half-cycle, the polarity of the applied 
a-c input is as indicated in port B of the illustration, Ex- 
cept for possibily a very small value of reverse current, the 
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rectifier does not conduct, the reverse resistance remains 
high, and the small current which flows can be neglected. 
(Normally, the reverse resistance of the rectifier is extreme- 
ly high as compared with the circuit load resistence.) Thus, 
during the second half-cycle, no voltage is developed actoss 
the load resistance. In other words, because the rectifier 
is nonconducting and no electrons pass through the load, 
there is no output from the circuit. 

The waveforms given in part C show that, on positive 
half cycles of the applied voltage, current passes through 
the rectifier and the load resistance, producing an output 
voltage across the load resistance. The output voltage has 
a pulsating waveform, which results in an irregularly shap- 
ed ripple voltage; the frequency of the ripple voltage is the 
same as the frequency of the a-c source. Since the output 
voltage and current are not continuous, the half-wave recti- 
fier circuit requires considerable filtering to smooth out 
the ripple and produce a steady d-c voltage. 

The peak inverse voitage of the semiconductor rectifier 
1s defined as the maximum instantaneous voltage in the 
direction opposite to that in which the rectifier is designed 
to pass current. Assuming the output of the supply to be 
filtered, the peak inverse voltage across the rectifier in a 
half-wave rectifier circuit during the period of time the 
rectifier is nonconducting is approximately 2.83 times the 
rms value of the applied (or transformer secondary) voltage. 

The output of the half-wave rectifier circuit is connect- 
ed to a suitable filter circuit, to smooth the pulsating dir- 
ect current for use in the load circuit. (Filter circuits are 
discussed in Part D of this section of the handbook.) Be- 
cause of the very low forward resistance of the semicon- 
ductor rectiffer and its associated low internal-voltage 
drop which is practically independent of load current, the 
half-wave power supply (including filter and load) using a 
semiconductor diode will have somewhat better regulation 
characteristics than the equivalent electron-tube circuit; 
however, the regulation is still considered to be relatively 
poor. 


FAILURE ANALYSIS. 

No Output, In the half-wave rectifier circuit, the no-out- 
put condition is likely to be limited to one of several pos- 
sible causes: the lack of applied a-c voltage (including the 
possibility of an open series resistor Rs or a defective 
transformer), a defective rectifier, or a shorted load circuit 
(including shorted filter-circuit components). 

The a-c supply v.-:ltage should be measured at the input 
of the circuit to 2cieriaine whether the voltage is present 
and is the correct value. If the circuit uses a step-up [¢. 
isolation) transformer, measure the voltage at the secondary 
terminals to determine whether it is present and is the cor- 
tect value. If necessary, the primary voltage should be 
removed from the transformer and continuity measurements 
of the primary and secondary windings made to determine 
whether one of the windings is open, since an open Circuit 
in either winding will cause a lack of secondary voltage. 

If the circuit includes a series resistor (Rs), d resist- 
ance measurement can be made to determine whether the 
resistor is open. However, if the resistor is found to be 
open, the rectifier and load circuit should be checked fur- 
ther to determine whether excessive load current or a de- 


ORIGINAL 


900,000,102 POWER SUPPLIES 
fective rectifier has caused the resistor to act as a fuse 
and to open. 

With the a-c supply voltage removed from the input of 
the circuit and with the load disconnected from the rectifier, 
resistance measurements can be made across the load to 
determine whether the load circuit (including filter compon- 
ents) is shorted. 

Although physical appearance is not a positive indica- 
tion of condition, the rectifier may be given a visual check 
for a change in physical appearance which can indicate 
rectifier failure. A relative check of the rectifier condition 
can be made using an chmmeter, as outlined in a previous 
paragraph of this section. However, failure of the rectifier 
may be the result of other causes; therefore, additional 
tests of the filter and load circuit are necessary. Once the 
filter components and load circuit have been determined to 
be satisfactory, a procedure which can be used to quickly 
determine whether the rectifier is defective is to substitute 
a known good rectifier in the circuit and measure the output 
voltage. 

Low Output. The rectifier should be checked to deter- 
mine whether the low output is due to normal rectifier aging. 
A relative check of the rectifier condition con be made us- 
ing an ohmmeter, as outlined in a previous paragraph of this 
section. If the forward resistance of the rectifier in- 
creases, the output voltage will decrease. Also, if the 
reverse resistance decreases, the output voltage will de- 
crease, and the amplitude of the ripple voltage will become 
excessive. 

The load current should be checked to make sure that 
it is not excessive, because the circuit has relatively poor 
tegulation and an appreciable increase in load current (de- 
crease in load resistance) can cause a decrease in output 
voltage. Also, the filter circuit components should be sus- 
pected as a possible cause of low output. Once the load 
circuit and filter components have been determined to be 
satisfactory, a procedure which canbe used to quickly 
determine whether the rectifier is at fault is to substitute 
a known good rectifier in the circuit and measure the output 
voltage under normal load conditions. 


SINGLE-PHASE, FULL-WAYE RECTIFIER. 


APPLICATION. 

The single-phase, full-wave rectifier is commonly used 
in all types of electronic equipment for applications requir- 
ing high- or low-voltage de at a relatively high load current. 
The rectifier circuit can be arranged to furnish negative or 
positive output to the load. 


CHARACTERISTICS. 

Input to circuit is ac; output is de. 

Uses two semiconductor rectifiers. 

Output requires filtering; d-c output ripple frequency is 
twice the primary line-voltage frequency. 

Has good regulation characteristics. 

Circuit provides either positive- or negative-polarity out- 
put voltage. 

Uses power transformer with center-tapped secondary 
winding. 
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CIRCUIT ANALYSIS. 

General. The single-phase, full-wave rectifier is one of 
the most common types of rectifier circuits used in elec- 
tronic equipment. It may be used as a low-voltage d-e sup- 
ply for operation of relays, motors, electron-tube filaments, 
telephone and teletype circuits, and semiconductor circuits, 
or as a high-voltage d-c supply for operation of electron- 
tube circuits. The full-wave rectifier circuit consists of 
a transformer with a center-tapped secondary winding. At 
least two semiconductor diodes are used in the circuit; one 
diode is connected to one end of the transformer secondary, 
and the other diode is connected to the other end. The load 
is connected between the center tap of the secondary wind- 
ing and the common junction of the two semiconductor diodes. 
Since ihe sevondury winding is cenie:-iupped, ie vuliuyes 
developed in the two halves of the secondary winding are in 
series with each other; therefore, only one rectifier is con- 
ducting at any instant. As a result, electrons flow through 
one half of the secondary winding, the load, er 
on each half cycle of the impressed voltage, with first one 
diode conducting and then the other. Thus, the electrons 
flow through the load in pulses, one pulse for each half 
cycle of the impressed voltage. 

Circuit Operation. In parts A and B of the accompany- 
ing circuit schematic, two semiconductor diodes, CRI and 
CR2, are used in a basic single-phase, ful!l-wave rectifier 
circuit. Although the schematic shows only two diodes in 


cRi 


Basic Single-Phase, Full-Wave Rectifier Circuits 
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the circuit, in some instances for high-voltage operation 
each diode symbol represents two or mote diodes in series 
to obtain the necessary peak-inverse characteristics. 

The circuit uses a single transformer, Tl, either to 
step up the alternating-source voltage te a higher value in 
each half of the secondary winding or to step down the volt- 

hasanl 


lower val 


uit application and the values 


hether a step- 
up or step-down transformer is used. 

The series, or surge, resistor (Ra) is generally requir- 
ed only in high-voltage supplies. Its function is to limit 
the peak current that can flow through the semiconductor 
rectifiers. When power is applied to the circuit, the input 
capocitor (in the filter circuit) is in a discharged condition. 
& very heavy current flows initially to establish the charge 
on this capacitor. The limiting action of Rs prevents any 
damage to the rectifiers, which would otherwise occur from 
the large surge of charging current, For B0-volt (peak in- 
verse} rectifiers, the value cf Re is between 1 and 0 ohms, 
depending on the peak current roting of the unit. The resis- 
tor is common to both rectifiers since it is placed in the 
circuit between the transformer center tap and the load. A 
variation of this design practice uses two resistors, one 
tesistor in series with each rectifier. 

The circuit arrangement given in part A is typical of 
many plate- and low-voltage (positive} supplies. The cir- 
cuit given in part B is typical for bias supply applications 
tequiting a negative voltage. In the basic circults illus- 
trated, either terminal of the load may be placed at ground 


potential, depending upon whether a nos. negative 

d-c output is desired. When the d-c output term. nal associ- 
ated with the transformer center tap is grounded, the second- 
ary-to-core insulation need not be as great as it would be 

if the secondary winding were above ground by the amount 

of the d-c output voltage. For this reason, the two circults 
shown in parts A and B are the commonly used circuits, 

and do not require that special design consideration be 
given to the secondary-winding insulation. 

In parts A and Bof the accompanying illustration, the 
voltage induced in each half of the secondary of transformer 
Tl causes each diode to conduct on altemate half-cycles 
of the input voltage. Two d-c puises are thus produced 
during each complete cycle of s< input voltage. Hence, 
the output has a frequency which is twice the input fre- 
quency. Because of this, the tull-wave circuit is more et- 
ficlent, has better voltage teguiation, and has an output 
which is easier to filter itn a higher average value than 
that of the half-wave ci 

As an sete of the peak and areas volte obtain- 


@ step-up ratio 
of 7 to 6. Then, with an applied input voltage of 115 volts, 
690 volts will appear across the secondary winding, and 
345 volts will be applied to each diode. Since only one- 
half of the secondary is used at a time, the peak voltage is 
found by using half of the voltage across the winding, or 
345 volts. From the peak voltage formula: 


Epeak = 1. Ldlé x Erms 


won ow 


This is the peak value of heck citpul orane for half-wave 
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(single-pulse) rectification. Since two pulses are produced 
for every cycle of ac input voltage in full-wave rectification, 
the average value of the d-c output voltage will be greater 
than that for half-wave rectiiication; thus: 


Bay= Epeok x 


= 88x 4 
aM 


= 310 volts (approx) 


In a full-wave rectifier circuit designed to furnish high- 
voltage dc to the load, the peak-inverse voltage rating of 
the semiconductor rectifier is 1n important consideration. 

The peok-inverse voltage across a semiconductor recti- 
fier in a full-wave circuit during the period of time it is 
nonconducting is approximately 2.83 times the ms voltage 
across half of the transformer secondary (eaac}, or ap- 

2 


proximately 1.41 times the rms voltage across the entire 
secondary (@sec). For high-voltage applications, several 
identical-type rectifiers may be placed in series or stacked 
to withstand the peak-inverse voltage and avoid the possi- 
bility of rectifier breakdown. Generally, whenever a single 
tectifier unit is used in the full-wave circuit, it is chosen 
to have a peak-inverse voltage rating which is conservative 
and thus provide a safety factor. 

Because of the very low forward resistance of the semi- 
conductor rectifier and its low intemal-voltage drop which 
is practically independent of load current, the full-wave 
power supply using semiconductor diodes has regulation 
characteristics which approach or equal those of the equi- 
valent electron-tube circuit usiiig mercury-vapor rectifiers. 
Hence, its regulation characteristics are somewhat better 
than those of the electron-tube circuit which uses high- 
vacuum rectifiers, 


FAILURE ANALYSIS. 

No Output. In the full-wave rectifier circuit, the no-out- 
put condition is likely to be limited to one of several pos- 
sible causes: the lack of applied a-c voltage (including the 
possibility of a defective transformer), defective rectifiers, 
or a shorted load circuit (including shorted filter-circuit 
components). 

The a-c voltage applied to each rectifier should be 
measured between the secondary center tap and each recti- 
fier to determine whether voltage is present and of the cor- 
tect value. If the circuit includes a series resistor (Rs), 
an additional measurement should be made between the 
load connection at the resistor and the rectifier to determine 
whether the resistor is open. (With primary voltage removed 
from the input, a resistance measurement can be made to 
determine whether the resistor is open.) 

Tf necessary, measure the applied primary voltage to 
determine whether it is present and of the correct value. 
With the primary voltage removed from the circuit, a contin- 
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uity measurement of the primary winding should be made to 
determine whether the winding is open, since an open wind- 
ing will cause lack of secondary voltage. 

If the circuit includes a series (surge) resistor common 
to both rectifiers and the resistor is found to be open, each 
rectifier and the load circuit should be checked further to 
determine whether excessive load current or a defective 
tectifier(s) has caused the resistor to act as c fuse and to 
open. With the a-c supply voltage removed from the input 
of the circuit and with the load disconnected from the 
rectifiers, resistance measurements can be made across the 
load to determine whether the load circuit (including filter 
components) is shorted. 

Although physical appearance is not a positive indica- 
tion of condition, the rectifier may be given a visual check 
for a change in physical appearance which can indicate 
rectifier failure. A relative check of the rectifier condition 
can be made using an ohmmeter, as outlined in a previous 
paragraph of this section. However, failure of the recti- 
fier(s) may be the result of other causes; therefore, addi- 
tional tests of the filter and load circuit are necessary. 
Once the filter components and load circuit have been de- 
termined to be satisfactory, a procedure which can be used 
to quickly determine whether the rectifiers are defective is 
to substitute known good rectifiers in the circuit and meas- 
ure the output voltage. 

Low Output. Each rectifier should be checked to deter- 
mine whether the low output is due to normal rectifier ag- 
ing or to one or more defective rectifiers. A relative check 
of rectifier condition can be made using an ohmmeter, as 
outlined in a previous paragraph of this section. (A com- 
parison can be made by checking one rectifier against the 
other to determine whether they have similar characteris- 
tics.) If the forward resistance of the rectifier increases, 
the output voltage will decrease. Also, if the reverse 
resistance decreases, the output voltage will decrease, and 
the amplitude of the ripple voltage will become excessive. 

Since the full-wave rectifier circuit normally supplies 
current to the load on each half cycle, failure of either 
rectifier (or associated seties resistor, if used) or an open 
in either half of the secondary winding will allow the cir- 
cuit to act as a half-wave rectifier circuit, and the output 
voltage will be reduced accordingly. Furthermore, whenever 
this occurs, the ripple amplitude will also increase, and the 
tipple frequency will be that of the a-c source {instead of 
twice the source frequency). If one rectifier of the full- 
wave circuit is found to be defective, rather than replace 
the defective rectifier only, it is good practice to replace 
both rectifiers at the same time and to make certain that the 
teplacement rectifiers have like, or matched, characteris- 
tics. 

With the primary voltage removed from the circuit, re- 
sistance measurements can be made to check the contin- 
uity between the center tap and each rectifier terminal; 
this will determine whether one of the windings is open. 

As an alternative, the a-c secondary voltage applied to 
each rectifier can be measured between the center tap and 
each rectifier to determine whether both voltages are pre- 
sent and are of the correct value. 

The primary voltage should be measured to determine 
whether it is of the correct value, since a low applied pri- 
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mary voltage con result in a low secondary voltage. Alsc, 
shorted turns in either the primary or secondary windings 
will cause the secondary voltage to measure below normal. 
{A check for shorted turns was outlined in the failure 
analysis described for the electron-tube full-wave rectifier 
circuit, given earlier in this section of the handbook). 

The, load cumerm (otis filter circus Gnasathe toca) 
should be checked to make sure that it is within tolerance 
and is not excessive. A low-output condition due to a de 
crease in load resistance would cause an increase in load 
current; for example, excessive leakage in the capacitors 
of the filter circuit would result in increased load current. 
Once the load circuit and filter components have been deter~ 
mined to be satisfactory, a procedure which can be used te 
quickly determine whether the rectifiers are at tault ts to 
substitute known good rectifiers in the circuit and measure 
the output voltage under normal load conditions. 


SINGLE-PHASE, FULL-WAVE BRIDGE REC 


APPLICATION. 

The single-phase, full-wave bridge rectifier is used in 
electronic equipment for applications requiring high- or low- 
voltage de at a relatively high load current. The circuit can 
be arranged to furnish negative or positive voltage to the 
load. A variation of the basic bridge circuit can supply two 
output voltages simultaneously to separate loads. 


CHARACTERISTICS. 


Input to clrouit fs ac; output is pulsating de. 
Uses four semiconductor rectifiers (singl le, multiple, or 


stacked units). 

Output requires fiitering; d-c output ripple trequency is 
twice the primary line-voltage frequency. 

Has good regulation characteristics. 

Circuit provides either positive- or negative-polarity 
output voltage. 

Uses power transformer with single secondary winding; 
modified circuit to supply two output voltages simultane 
ously uses tfansfoimer with center-tapped secondary wind 


ing. 


CIRCUIT ANALYSIS. 
General. The single-phase, full-wave bridge rectifier 
circuit uses two semiconductor recufiers in series on each 


hr 
electrons fiow ae the ioad in pulses, one pulse for 
each half cycle of the impressed voltage. Since two d-c 
output pulses are produced for each complete input cycle, 
full-wave rectification is obtained, and the output 1s similar 
to that of the conventional full-wuve ieciifie: cicuit. 

One advantage of the bridge rectifier circuit over a 
conventional full-wa sti 


ciutier is that 


formentotal-a: 


an output y 
Sroctnie 


wave circuit. Another advantage 1 is that the peak-inverse 
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voltage octoss an individual rectifier, during the period of 
time it is nonconducting, is approximately half the peak- 
inverse voltage across a rectifier in a conventional full- 
wave circuit designed to produce the same output voltage. 

In many power-supply applications, it is destrable to 
provide two voltages simultaneously—one voltage for high- 
power siuges and ihe other for low-power stages. For 
these applications the single-phase, fuil-wave bridge recti- 
fier circuit can be modified to supply an additional output 
voltage which is equal to one half of the voltage provided 
by the full-wave bridge rectifier circuit. 

Cireuit Operation, A single-phase, full-wave bridge 
rectifier using semiconductor diodes is shown in the ac- 
companying circuit schematic. Four identical-type semi- 
ctor rectifiers, OKI, CS U4, are connect- 
edi in a bridge ctrcuit actoss the secondary winding of 
transformer TI. Esch rectifier forms one arm of the bridge 
circuit; the load is connected between the function points 
of the balanced urms of the bridge. The circuit 
single iransforine:, Ti, either to siep up the alternating- 
source voltage to a higher value in the secondary winding 
of to step down the voltage to a lowervalue. The circult 
application and the values of the input and output voltages 
determine whether a step-up or step-down transformer is 
used. The series, or surge, resistor (Rs) is generally used 
only in high-voltage supplies and is not normally re- 
quired in low-voltage supplies. The resistor is common to 
all rectifiers since it is placed in series with the load and 
filter circuit. 

‘The Since arrangement Bien in the illustration permits 
either terminal of the load to be placed at ground potential, 
depending upon whether a positive or nae d-c output 
1s desired. 


Basic Singis-Phose, F 


Weve Bridge Rectifier Ciscuit 


The operation of the full-wave bridge rectifier circuit 
can be understood from the simplified circuit schematic 
(parts A and 8} and the waveforms (part C) shown in the 
accompanying lilustration and by soa, to the explana- 
tion giver for the equivelent electron-tube bridge circuit 
pen A of this handbook section. 


The e basic b bridge 


occurs on alternate half-cycles of the copped voltage. ‘The 
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Simplified Full-Wave Bridge Rectifier Circuit and 
Waveforms 


tectifier reference designations used correspond to those 
assigned in the basic bridge schematic. 

During the first half-cycle the transformer secondary 
winding may be considered as a voltage source of the polar- 
ity given in part A of the illustration. As a result, elec 
trons flow, in the direction indicated by the arrows, through 
the series circuit composed of rectifier CR2, resistor Rs, 
the load, and rectifier CR3. This electron flow produces 
an output pulse of the polarity indicated across the load 
resistance. Also, during this period, rectifiers CR] and 
CRé4 are nonconducting. 

During the next half-cycle, a secondary voltage is pro- 
duced of the polarity given in part 5 of the illustration. 

As a result, electrons flow, in the direction indicated by 
the arrows, through the series circuit composed of rectifier 
CRI, resistor Rs, the load, and rectifier CR4. The elec 
trons flowing in the series circuit once again produce an 
output of the same polarity as before across the load resist- 
ance. During this period, rectifiers CR2 and CR3 are non- 
conducting. 
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From the waveforms given in part C, it can be seen that 
two rectifiers in series conduct at any instant of time; thus, 
on alternate half-cycles, electrons flow through the load 
tesistance to produce a pulsating output voltage, ec. This 
pulsating waveform results in an irregularly shaped ripple 
voltage because the output voltage and current are not con- 
tinuous; the frequency of the ripple voltage is twice the 
frequency of the a-c source. The output of the full-wave 
bridge rectifier circuit requires filtering to smooth out the 
tipple and produce a steady d-c voltage. 

The full-wave bridge rectifier circuit makes continuous 
use of the transformer secondary; therefore, there are two 
pulsations of current in the output for each complete cycle 
of the applied a-c voltage. The dc load current passes 
through the entire secondary winding, flowing in one dir- 
ection for one half-cycle of the applied voltage, and in the 
opposite direction for the other half-cycle; thus, there is no 
tendency for the transformer core to become permanently 
magnetized. Since little d-c core saturation occurs, the 
effective inductance of the transformer, and therefore the 
efficiency, is relatively high. 

The peak-inverse voltage across an individual rectifier 
in a full-wave bridge rectifier circuit during the period of 
time the rectifier is nonconducting is approximately 1.41 
times the mms voltage across the secondary winding. ‘Since 
the secondary voltage, @sec, is applied to two rectifiers in 
series, less peak-inverse voltage appears across each 
tectifier. Thus, the bridge circuit can be used to obtain a 
higher output voltage than can be obtained from a conven- 
tional full-wave rectifier circuit using identical rectifiers, 

In bridge circuits designed to furnish high-voltage de to 
the load, the peak-inverse voltage rating of the semicon- 
ductor rectifier is an important consideration. For such ap- 
plications, several identical-type rectifiers may be placed 
in series or stacked to withstand the peck-inverse voltage 
and avoid the possibility of rectifier breakdown. 

The output of the full-wave bridge rectifier is similor 
to that of the conventional full-wave rectifier circuit. For 
the same total transformer secondary voltage and d-c output 
current, the bridge rectifier provides twice as much output 
voltage as does the full-wave rectifier circuit using a center- 
tapped secondary. 

The output of the bridge rectifier circuit is connected 
to a suitable filter circuit to smooth out the pulsating direct 
current for use in the load circuit. (Filter circuits are dis- 
cussed in the latter part of this section.) 

A variation of the full-wave bridge rectifier circuit uses 
a transformer with a center-tapped secondary winding to 
supply two output voltages simultaneously to two separate 
loads. The circuit is fundamentally the same as that given 
eatlier; therefore, the reference designations previously 
assigned to the basic circuit remain unchanged. This 
modified circuit uses two series (surge) resistors which are 
common to both the full-wave center-tap rectifier circuit and 
the full-wave bridge rectifier circuit. 
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Full-Wove Center-Tap and Full-Wave Bridge Rectifier 
Cireuit 


One advantage of this circuit is that two voltages may 
be supplied from the same set of rectifiers. One output 
voltage (Eay) is obtained from the output of the bridge cir- 
cuit; the other output voltage {Eas}, which is equai to one 

2 
half of the bridge output voltage, is obtained by using two 
rectifiers, CR1 and CR2 of the bridge, and the center tap of 
the secondary winding as a conventional full-wave rectifier 
circuit. Although this circuit can supply two output volt- 
ages simultaneously tc two separate loads, there !s 4 limit- 
ation on the total current which can be safely carried by 
rectifiers CR] and CR2. 


FAILURE ANALYSIS. 

No Output. In the full-wave bridge rectifier circuit, the 
no-output condition is likely to be limited to one of several 
possible causes: the lack of applied a- voltage (including 
the possibility of a defective transformer), a shorted load 
circuit (Including shorted filter-circuit components), or 
defective rectifiers. 

The a-c secondary voitage, @¢eeac, Should be measured at 
the transformer terminals to determine whether the voltage 
is present and of the correct value. If necessory, measure 
the appiied primary woitane to determine whether it is pre- 
sent and of the correct volue. With the Input voltage re- 
moved from the circult, continuity measurements of the 
windings can be made to determine whether one of the wind- 
ings is open, since an open winding will cause a lack of 
secnndary voltade. 

Tf the circuit includes one or more series resistors (Rs), 
continuity measurements can be made to determine whether 
the resistors are open. _When 6 series resistor is found to 
jers and toad circuit (including 


, 
vhecked te delommine 
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whether excessive load current or defective rectifiers have 
caused the resistor to act as a fuse and to open. 

With the a-c supply voltage removed from the input of 
the circuit and with the load disconnected from the recti- 
fiers, resistance measurements can be made across the load 
to determine whether the load circuit (including filter com- 
ponents) is shorted. 

Although physical appearance is not a positive indica- 
tion of condition, the rectifiers may be given a visual check 
for a change in physical appearance which can indicate 
tectifier failure. A relative check of the rectifier condition 
can be made using an ohmmeter, as outlined in a previous 
paragraph of this section. However, failure of the rectifiers 
moy be the result of other causes; for this reason, tests of 
the filter and load circuit are necessary. 

Low Output. Each rectifier should be checked to deter- 
mine whether the low output {s due to normal rectifier aging 
or to one or more defective rectifiers. A relative check of 
rectifier condition can be made using an ohmmeter, as out- 
lined in a previous paragraph of this section. A comparison 
can be made by checking all rectifiers and noting the re- 
sults obtained to determine whether the rectifiers have 
similar characteristics. If the forward resistance of the 
rectifier increases, the output voltage will decrease. Also, 
if the reverse resistance decreases, the output voltage will 
decrease and the amplitude of the ripple voltage will be- 
come excessive. 

Complete failure of only one rectifier in the bridge will 
allow the circuit to act as a half-wave rectifier with current 
supplied to the load on alternate half-cycles only, and the 
output voltage wiii be reduced accordingly. Furthermore, 
whenever this occurs, the ripple amplitude will also in- 
crease, and the ripple frequency will be that of the ac 
source {instead of twice the source frequency). 

The load current should be checked to make sure that 
it is not excessive, because a decrease in output voltage 
can be caused by an increase in load current (decrease in 
load resistance); for example, excessive leakage in the 
capacitors of the filter circuit would result {n increased 
load current. Also, the a-c secondary voltage, esec, and the 
input (primary) voltage should be measured at the terminals 
of transformer T1 to determine whether these voltages are 
of the correct value, Shorted turns in either the primary or 
secondary windings will cause the secondary voltage to 
measure below normal. (A check for shorted tums {s out- 
Uned in the failure analysis described for the electron- 
tube full-wave bridge rectifier circuit given earlier in this 
section of the handbook.) Once the load clreult and filter 
components have been determined to be satisfactory, a pro- 
cedure which can be used to quickly determine whether the 
rectifiers are at foult is to substitute known good rectifiers 
in the circult and measure the output voltage under normal 
toad conditions. 

In the modified full-wave center-tap and full-wave bridge 
circuit, it {s possible to have two detinite conditions of 
low voltage coused by defective rectifiers: the output 
valtage (Eay} to load No. | can be low and the output volt- 
age {Egy) to load No. 2 normal, or both output voltages 
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the defective rectifiers in the first case ore assumed to be 
CR3 and CR4 of the bridge circuit, and those in the second 
case ate assumed to be CRI and CR2, which are commen to 
both the full-wave center-tap and the bridge circuits. Ina 
practical full-wave center-tap and full-wave bridge circuit, 
the two rectifiers designated in the schematic as CR] and 
CR2 may have higher current ratings than the rectifiers de- 
signated as CR3 and CR4, because CR] and CR2 must car- 
ty the combined currents of both output loads. For this 
reason, rectifiers CR1 and CR2 may not be directly inter- 
changeable with rectifiers CR3 and CR4 of the bridge cir- 
cuit. 


THREE-PHASE, HALF-WAVE (THREE-PHASE STAR) 
RECTIFIER. 


APPLICATION. 

The three-phase, half-wave star- or wye-connected recti- 
fier is used in electronic equipment for applications where 
the primary a-c source is three-phase and the d-c power 
tequirements exceed ] kilowatt. The rectifier circuit can be 
arranged to furnish negative or positive high-voltage output 
to the load. 


CHARACTERISTICS. 

Input to circuit is three-phase ac; output is de with 
amplitude of ripple voltage Jess thon that for a single-phase 
rectifier, 

Uses three semiconductor rectifiers (single, multiple, 
or stacked units), 

Output is relatively easy to filter; d-c output ripple fre- 
quency is equal to three times the primary line-voltage fre- 
quency. 

Has good regulation characteristics. 

Circuit provides either positive- or negative-polarity 
output voltage. 

Uses multiphase power transformer with star- or wye- 
connected secondary windings; primary windings may be 
either delta- or wye-connected. 


CIRCUIT ANALYSIS. 

General. The three-phase, half-wave (three-phase star) 
rectifier is the simplest type of three-phase rectifier circuit. 
Fundamentally, this rectifier circuit is three single-phase, 
half-wave rectifier circuits, each rectifier operating from one 
phase of a three-phase source and sharing ¢ common load. 
The voltages induced in the transformer secondary windings 
differ in phase by 120 degrees; thus, each half-wave rectifier 
conducts for 120 degrees of the complete input cycle, and 
contributes one-third of the d-c current supplied to the load. 
Electrons flow through the load in pulses, one pulse for 
every other half-cycle of the impressed voltage in each of 
the three phases; therefore, the output voltage has a ripple 
frequency which is three times the frequency of the a-c 
source. 

Clrevit Operation. A basic three-phase, half-wave recti- 
fier is illustrated in the accompanying circuit schematic. 
The circuit uses a three-phase transformer, Tl, to step up 
the alternating source voltage to a high value in the star- 
ot wye-connected secondaries. The primary windings of 
transformer Tl are shown delta-connected, although in some 
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instances the primary windings may be wye-connected (as 
for a three- or four-wire system). Each rectifier, CR1, CR2, 
and CR3, is connected to a high-voltage secondary winding. 
The load is connected between the junction point of the wye- 
connected secondary windings and the common connection 
of the three rectifiers. 


SOURCE 


Basic Three-Phase, Half-Wave (Three-Phase Star) Rectifier 
Circuit 


In the circuit illustrated, either terminal of the load con 
be placed at ground potential, depending upon whether a 
positive or negative d-c output is desired. However, it is 
good design practice for the d-c output terminal associated 
with the junction of the wye-connected secondaries to be 
grounded, in this case, the secondary-to-core insulation need 
not be as great as it would be if the secondary windings 
were above ground by the amount of the d-c output voltage. 
When a negative high-voltage d-c supply is required, it is 
common practice to keep the junction of the wye-connected 
secondaries at ground (chassis) potential and to reverse 
the connections to the rectifiers (CR1, CR2, and CR3); in 
this case, the output polarity across the load will be oppo- 
site that shown on the schematic. 

The semiconductor rectifiers, CRl, CR2, and CR3, are 
made up of several rectifiers in series to safely withstand 
the peak inverse voltage of the circuit and to prevent recti- 
fier breakdown. Since each individual rectifier cell in the 
series-connected arrangement (multiple or stacked units) 
has a moximum reverse-voltage rating, it is necessary for 
the series combination of rectifiers in any secondary leg to 
have a total reverse-voltage rating in excess of the maximum 
peak inverse voltage encountered in the circuit configuration. 
Although the voltage ratings for the commercially available 
silicon rectifiers are generally higher than for the selenium 
rectifiers, both selenium and silicon rectifiers are commonly 
used in high-voltage power supplies. Because a choke- 
input filter system is commonly employed with this circuit, 
series, or sutge, resistors are not normally used, and for 
this reason are not shown in the schematic. 

The operation of the three-phase, half-wave rectifier 
circuit can be readily understood from a study of the equiva- 
lent electron-tube circuit description and the associated 
waveforms given previously in this section of the handbook. 
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For this reason, an explanation of circuit operation is not 
given here. 

The action of the semiconductor rectifiers in this circuit 
is essentially the same as that desctibed for the equivalent 
electron-tube circuit. The rectifier in each secondary leg 
conducts for only one-third cycle, and this results in a 
series of d-c output voltage pulsations. The output voltage, 
@o, across the load resistance is determined by the instan- 
taneous currents flowing through the load; therefore, the 
output voltage never drops to zero because of the overlap- 
ping of applied three-phase secondary voltages and the te- 
sulting rectifier conduction in each secondary leq. Because 
the ripple voltage is equal to three times the frequency of 
the a-c source, the circuit requires less filtering to smooth 
out the rinnle and produce a steady d-c voltae than does a 
single-phase rectifier circuit. 

The peak inverse voltage ecross the rect 
or stacked units) in one secondary leg of the three-phase, 
half-wave circuit during the period of time the rectifier is 
nonconducting is approximately 2.45 times the rms voltage 
(@sec) across the secondary winding of one phase. 

The regulation of the circuit is considered to be very 
good, and is better than that of a single-phase rectifier 
circuit having equivalent power-output rating; the semicon- 
ductor rectifier characteristics and the three-phase input con- 
tribute greatly to the improved regulation characteristic of 
the supply. The output of the three-phase, ha!{-wave recti- 
fier circuit is connected to a suitable filter circuit, to smooth 
the pulsating direct current for use in the load circuit. 
(Filter circuits are discussed in Part D of this section of 
the handbook.} 


tiple 


FAILURE ANALYSIS. 
No Output. In the three-phase, half-wave rectifier circuit, 
the no-output condition is likely to be limited to one of three 
possible causes: the lack of applied a-c voltage, a shorted 
load circuit (including shorted filter capacitors), or an open 
filter choke. 
NOTE 

Most filter circuits used in Navy 

equipment empioy two-séction choke~ 

input filters; thus, an open choke in 

either section will cause no cutput. 

Measure the applied three-phase primay vo.tage 
determine whether it is present and of the correct value, 
With the primary voltage removed trom the citcuit, continuity 
measurements shouid be made of the secon 
windings, te determine whether one or more thon oné wind: 


is open and whether the common te: i at pis Bis 


may be neared be! 
connected secondaries and one or more rectifiers, to deter- 
mine whether voltage is present and of the correct value. 
With the primary voltage removed from the circui 
sistance measurements can be made at the output te: 
of the rectifier circuit (across loud) io determine whe! 
the load circuit, including the filter, is shorted. (As ex- 
plained i in the — nete, an open the filter 


} will Cause 


ORIGINAL 


900,000.102 POWER SUPPLIES 
an excessive load current to flow and may result in permanent 
damage to the rectifiers. Therefore, once the difficulty in 
the load (including filter) circuit has been located and cor- 
tected, the rectifiers should be checked to determine whether 
they have been damaged as a result of the overload condit! on. 

Low Output. If only one of two phases of the three-phase, 
nalf-wave rectifier circuit are operating normally, the output 
voltage will be lower than normal. For example, 1f only one 
secondary winding and associated rectifier is in operation, 
the effect is the same as though it were a single-phase, 
half-wave rectifier circuit; as a result, the output voltage 
is much lower than normal. When two phases are operating, 
the output voltage is somewhat higher, and when all three 
phases are operating, the output is normal. (Also, the per- 
centage of ripple voltage will change f for each of the con- 
Mo Mentioned.) Thus, the low-cutput condidien can be 
the fact that one (or more) of the secondary- 
ts {including rectifiers} is not functioning nor 

The rectifiers snould be checked to determine whether 
the low output 1S due to norma; recufier aging, or to one o1 
more detective rectifiers. A reiauve check of recufier von- 
dition can be made by using an chmmeter, as outlined in a 
previous paragraph of this section. (A comparison can be 
made by checking one rectifier against each of the others 
to determine whether they have similar characteristics.) If 
the forward resistance of a rectifier increases, the output 
voltage wiil dectease. Also, if the reverse resistance de- 
creases, the output voltage will decrease, and the amplitude 
of the ripple voltage will increase. 

With the three-phase primary voltage removed from the 


ents should he made of 


et 


a & Ex 


secondary and primary windings, to determine whether one 
(or more} of the windings is open. if necessary, the a-c 
secondary voltage (€sec} applied w each rectilie! aiay be 
measured between the common terminal of the secondary 
wye connection and each rectifier, te determine whether 
voltage is present and of the correct value, Also, if neces- 
sary, measure the aoplied three-phase voltage at euch of the 
phases, to determine whether each voltage is present and 
of the correct value, since low applied primary voltages con 
tesult in low sevonduiy voltages. 

Shorted tuins in either the primary or secondary windings 
will cause the secondary volrage to measure beluw normul. 


a 


described for the electron-tube three-ph 1dse, half-wave recti- 
fier circuit discussed eurlier in this section of the udid- 


se loud curses checked i muke suit that 
$ not excessive, because a decrease in cutp 
can be caused by an increase in load current 


excessive 


ui voitage 


4 rasistance’: far examale. 


{including tilter components) 1s $< 
ch can be used to quickly deters 


asiactory, J procedure 


conditions. 
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THREE-PHASE, FULL-WAYE (SINGLE “'Y’” SECONDARY) 
RECTIFIER. 


APPLICATION. 

The three-phase, full-wave rectifier with single-wye 
secondary is used in electronic equipment for applications 
where the primary a-c source is three-phase and the d-c 
output power requirements are relatively high. The rectifier 
circuit can be arranged to furnish either negative ot positive 
high-voltage output to the load. 


CHARACTERISTICS. 

Input to circuit is three-phase ac; output is de with 
amplitude of ripple voltage less than that for a single-phase 
rectifier. 

Uses six semiconductor rectifiers (multiple or stacked 
units). 

Output requires very little filtering; d-c output ripple 
frequency is equal to six times the primary line-voltage fre- 
quency. 

Has good regulation characteristics. 

Circuit provides either positive- or negative-polarity out- 
put voltage. 

Uses multiphase power transformer with wye-connected 
secondary windings; primary windings may be either delta- 
or wye-connected. 


CIRCUIT ANALYSIS. 

General. The three-phase, full-wave (single-wye second- 
ary) rectifier is extensively used where a large amount of 
power is required by the load, such as for large shipboard 
or Shore electronic instaliations. The rectifiers used in this 
circuit are generally forced-air-cooled or oil-cooled to dis- 
sipate heat developed during normal operation. 

In many power-supply applications, it is desirable to 
provide two voltages simultmeously—one voltage for high- 
power stages and the other voltage for low-power stages. 
For these applications the three-phase, full-wave rectifier 
circuit can be modified to supply an additional output volt- 
age, which {s equal to one-half the voltage provided by the 
full-wave rectifier circuit. 

Ciecult Operation. The basic three-phase, full-wave 
rectifier circuit is illustrated in the accompanying circuit 
schematic. The circuit uses a conventional three-phase 
power transformer, Tl, to step up the alternating source 
voltage to a high value in the wye-connected secondaries. 
The primary windings of Tl are shown delta-connected, 
although in some instances the primary windings may be 
wye-connected (as for a three- ot four-wite system). 

Semiconductor rectifiers CR1 and CR6 are connected to 
secondary terminal No. 1 of transformer T1; rectifiers CR2 
and CRA4 ore connected to secondary terminal No. 2; recti- 
fiers CR3 and CRS are connected to secondary terminal No. 
3. The rectifiers are identical-type semiconductor rectifiers. 
Although the schematic shows only six individual rectifiers 
in the circuit, each graphic diode symbol represents two 
or more diodes in series to obtain the necessary peak-inverse 
characteristics for high-voltage operation. 

The circuit arrangement shown in the illustration permits 
either terminal of the load to be placed at ground potential, 
depending upon whether a positive or negative d-c output is 
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Basic Three-Phase, Full-Wave (Single ‘‘Y’’ Secondary) Rec- 
tifier Circuit 


desired; however, the circuit is commonly arranged for a 
positive d-c output, with the negative output terminal at 
gtound (chassis). Also, a choke-input filter system is 
commonly used with this circuit; therefore, series, or surge, 
tesistors are not normally used. 

The operation of the three-phase, full-wave rectifier cir- 
cuit con be readily understood from a study of the equivalent 
electron-tube circuit description and the associated wave- 
forms given previously in this section of the handbook. The 
teference designations used for semiconductor rectifiers 
CRi through CR6 correspond directly to the reference desig- 
nations used in the electron-tube circuit for rectifiers V1 
through V6. Since the rectifier action which takes place in 
both circuits is the same, an explanation of circuit opera- 
tion is not given here. 

The voltages developed across the secondary windings 
of transformer Tl are 120 degrees out of phase with relation 
to each other, and are constantly changing in polarity. At 
any given instant of time in the three-phase, full-wave recti- 
fier circuit, a rectifier, the load, and a second rectifier are 
in series across two of the wye-connected transformer 
secondaries. Each of the six rectifiers conducts for 120 
degrees of an electrical cycle; however, there is an overlap 
of conduction periods, and the rectifiers conduct in a se- 
quence which is determined by the phasing of the instan- 
taneous secondary voltages. In the circuit given here (and 
in the electron-tube equivalent circuit), two rectifiers are 
conducting at any instant of time, with rectifier conduction 
occurring in the following order: CR1 and CR4, CR1 and 
CRS, CR2 and CRS, CR2 and CR6, CR3 and CR6, CR3 and 
CR4, 'CR1 and CR4, etc. 

Each positive and negative peak in each of the three 
phases produces a current pulse in the load. Because of 
the nature of the rectifier conduction periods, each rectifier 
conducts for 120 degrees of the cycle, and carties one 
third of the total load current. The output voltage, eo, pro- 
duced actoss the load resistance is determined by the 
instantaneous currents flowing through the load; therefore, 
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the output voltage has a pulsating waveform, which results 
in a ripple voltage, because the output current and voltage 
are not continuous. The frequency of the ripple voltage is 
six times the frequency of the a-c source. Since this tipple 
frequency is higher than the ripple frequency of a single 
phase, full-wave rectifier circuit of a three-phase, half-wave 
rectifier circuit, relatively little filtering is required to 
smooth out the ripple and produce a steady d-c vottage. 

The peak inverse voltage across an individual rectifier 
(multiple or stacked units) in the three-phase, full-wave 
tectifier circuit during the period of time the rectifier is 
nonconducting is approximately 2.45 times the ms voltage 
across the secondary winding of one phase. 

The regulation of the circuit is considered to be very 
good, and is hetter than that of ¢ single-onase rectifier or 
of a three-phase, naii-wave recuiler citcuit having equi va- 
lent power-output rating. 
full-wave rectifier circuit is connected to ¢ suitable filter 
circuit to smooth the pulsating direct current for use in the 
load circuit. (Filter circuits are discussed in Part D ot 
this section of the handbook.) 

A variation of the three-phase, full-wave rectifier circuit 
uses the common terminal of the wye-connected secondaries 
and rectifiers CR4, CR5, and CR6 to form a three-phase, 
half-wave rectifier circuit. The circuit is fundamentally the 
same as that discussed earlier; therefore, the reference 
designations previously assigned to the basic circuit remain 
unchanged. 


The output of the three-phase, 


TO 
THREE- 
PHASE 
SOURCE 


Three-Phose, Half-Wave and Three-Phase, Full-Wave Recti- 
fier Circuit 


One eduantade of this Creal watiations| is that two volt- 
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the full-wave circuit; the other voltage (Egy), which is equal 
2 


to one-half the full-wave output voltage, is obtained by 
using rectifiers CR4, CR5, and CR6 and the common terminal 
of the wye-connected secondaries as a conventional three- 
phase, half-wave rectifier circuit. Although this circuit can 
supply two output voltages simultaneously to two separate 
loads, there is d limitation on the total current which can 

be safely carried by the rectifiers (CR4, CR5, and CR6). 


FAILURE ANALYSIS. 

No Output. In the three-phase, fuli-wave rectifier circuit, 
the no-output condition is likely to be limited to one of 
three possible causes; the lack of applied a-c voltage, a 
snorted load circuit (including shorted fiiter capacitors), or 


Gu open Liter choke. 


NOTE 
Most filter circuits used in Navy 
equipment employ two-section choke- 
input filters; tnus, an open cnoke in 
either section wiil cause no output. 

Measure the applied three-phase primary voltage to 
determine whether it is present and of the correct value. 
With the primary voltage removed from the circuit, continuity 
measurements should be made of the secondary and primary 
windings, to determine whether one or more than one wind- 
ing is open and whether the common terminal(s) of the we 
connected secondaries is connected to the load circuit. If 
necessary, the a-c secondary valtage applied to the recti- 
fiers inay be measured between the common terminal(s) of 


ndaries and one or more rect 


ed 
ted secondaries m 


nether voltage is present and < 
yaiue. 

Witn the primary voltage removed {rom the circuit, te- 
sistance measurements can be made at the output terminals 
of the rectifier circuit (across load) to determine whether 
the load circuit, including the filter, is shorted, (An open 
choke in the filter circuit will also cause no output. See 
note above.) A short in the load circuit (including com- 
ponents in the filter circuit) will cause an excessive load 
current tc flow und muy result ia p 
Ros mie: once | the dit 


Beas eee Coals 
wianient damaye to the 


culty in the load Gnchud- 


damaged as a result of the overload condition. 
Low Output. Failure of only one ieciifier iv conduct 


cycie, and tie vutpur 
voltage will pe reduced accordingly. (Also. breakdown of 3 
shorting effect upon the windings of 
by 


siect other rectifiers to overload.) 


aire 
whe 


ied 
pris 
Therefore, each rectifier should be 
ine whether the low output 1s due to normal 
ve rectifiers. A 


ine whether the 
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decrease, Also, if the reverse resistance decreases, the 
output voltage will decrease, and the amplitude of the ripple 
voltage will increase. 

The load current should be checked to make sure that 
it is not excessive, because a decrease in output voltage 
can be caused by an increase in load current (decrease in 
load resistance); for example, excessive leakage in the 
capacitors of the filter circuit will result in increased load 
current. Also, the a-c secondary voltage and the input 
(primary } voltage should be measured at the terminals of 
the transformer to determine whether these voltages are of 
the correct value. If necessary, and with the primary volt- 
age removed from the circuit, continuity measurements should 
be made of the secondary and primary windings, to determine 
whether one {or more) of the windings is open. 

Shorted turns in either the primary or secondary windings 
will cause the secondary voltage to measure below normal, 
(A check for shorted turns is outlined in the foilure analysis 
described for the electron-tube equivalent circuit given 
earlier in this section of the handbook.) Once it has been 
determined that the load circuit (including filter components) 
is satisfactory, a procedure which can be used to quickly 
determine whether the rectifiers are at fault is to substitute 
‘known good rectifiers in the circuit and measure the output 
voltage under normal load conditions. 

In the modified three-phase, half-wave and three-phase, 
full-wave rectifier circuit, it is possible to have two defi- 
nite conditions of low voltage caused by one or more defec- 
tive rectifiers; the output voltage (Egy) to load No. 1 can 
be low and the output voltage (Egy) to load No. 2 normal, 

2 


or both output voltages can be below normal. If the load 
cuttents are not excessive and the filter components have 
been checked as satisfactory, the defective rectifier(s) in 
the first case is assumed to be CR1, CR2, or CR3, and in 
the second case, CR4, CR5, or CR6. When the modified 
circuit is used, rectifiers CR4, CRS, and CR6 will usually 
have higher current ratings than the other rectifiers (CRI, 
CR2, and CR3) because of the requirement to handle the 
combined currents of both output loads, 


THREE-PHASE, FULL-WAVE (DELTA SECONDARY) 
RECTIFIER. 


APPLICATION. 

The three-phase, full-wave rectifier with delta secondary 
is used in electronic equipment for applications where the 
primary a-c source is three-phase and the d-c output power 
tequitements are relatively high. The rectifier circuit can 
be arranged to furnish either negative or positive high- 
voltage output to the load. 


CHARACTERISTICS. 

Input to circuit is three-phase ac; output is de with 
amplitude of ripple voltage less than that for a single-phase 
rectifier, 

Uses six semiconductor rectifiers (multiple or stacked 
units). 

Output requires very little filtering; 4-c output ripple 
frequency is equal to six times the primary line-voltage fre- 
quency. 
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Has good regulation characteristics. 

Circuit provides either positive- or negative-polarity 
output voltage. 

Uses multiphase power transformer with delta-connected 
secondary windings; primary windings may be either delta- 
of wye-connected. 


CIRCUIT ANALYSIS. 

Generci. The three-phase, full-wave (delta secondary) 
rectifier is a variation of the three-phase, full-wave (single- 
wye-connected secondary) rectifier, previously described in 
this section. The full-wave rectifier with delta secondary 
is used where o lorge amount of power is required by the 
load, such as for large shipboard or shore electronic instal- 
lations. The semiconductor rectifiers used in this circuit 
are generally forced-air-cooled or oil-cooled to dissipate 
heat developed during normal operation. Because of the 
three-phase, delta primary and secondary connections, the 
circuit is sometimes referred to as a full-wave delto-delta 
rectifier circuit. When the primary windings only are wye- 
connected, the circuit is sometimes referred to as a full- 
wave wye-delta rectifier circuit. 

Cireult Operation. The three-phase, full-wave (delta 
secondary) rectifier circuit is illustrated in the accompany- 
ing circuit schematic. The circuit uses a three-phase power 
transformer, Tl, to step up the alternating source voltage 
to a high value in the delta-connected secondaries. Each 
secondary winding is connected to the other in proper phase 
relationship so that the currents through the windings are 
balanced. Damage can result to the transformer windings 
if they are improperly connected; for this reason, the wind- 
ings are usually connected internally in the proper phase to 
prevent the possibility of making wrong connections, and 
only three secondary terminals are brought out of the trans- 
former case. 


Bosic Three-Phase, Full-Wave (Delta Secondary) Rectifier 
Circuit 


The primary windings of transformer Tl are shown delta- 
connected, although in some instances they may be wye- 
connected (as for a three- or four-wire system). 


4-B-14 


ELECTRONIC CIRCUITS NAYSHIPS 

Semiconductor rectifiers CR1 and CR4 are connected to 
secondary terminal No. 1 of transformer T]1; rectifiers CR2 
and CRS are connected to secondary terminal No. 2; recti- 
fiers CR3 and CR6 are connected to secondary terminal 
No, 3. ‘The rectifiers are identical-type semiconductor 
tectifiers. Although the schematic shows only six individual 
rectifiers in the circuit, each graphic symbol represents two 
ot more diodes in series to obtain the necessary peak-inverse 
characteristics for high-voltage operation. 

The circuit arrangement shown in the illustration pemmits 
either terminal of the load to be placed at ground potential, 
depending upon whether a positive or negative d-c output is 
desired; however, the circuit is commonly arranged for o 
positive d-c output, with the negative output termina! at 
giound {chcesis), Also, ¢ chokeinnut filter system is 
commonly used with this circuit. 

The operation of the three-phase, full-wave (delta second- 
ary) rectifier circuit can be readily understood from a study 
of the equivalent electron-tube 
associated waveforms given previously in this section of 
the handbook, The reference designations used ‘  semi- 
conductor rectifiers CRI through CR6 comespon —_.ectly 
to the reference designations used in the electron-tube 
circuit for rectifiers V1 through V6. Since the rectifier 
action which takes place in both circults ts the same, an 
explanation of circuit operation is not given here, 

The operation of the delta-secondary rectifier circuit is 
similar to that of the wye-secondary rectiffer circuit (pre- 
viously described); however, the a-c voltage across an in- 
dividual delta-connected secondary winding is approximately 
1,73 Umes greater than the voltage across a individual wye- 
connected secondary winding for equal dc output voltages 
from the two circulis. The voltages developed across the 
secondary windings of transformer T] are 120 degrees out of 
phase with relation to one another, and are constantly chang- 
ing in polarity. In the delta-connected secondary, at any 
given instant the voltage in one phase is equal to the vector 
sum of the voltages in the other two phases. At any given 
instant of time in the three-phase, full-wave rectifier circuit, 
a rectifier, the lead, and 2 second rectifier are in series 
across two terminals of the delta-connected secondaries. 
Each of the six rectifiers conducts for 120 degrees of an 
electrical cycle; however, there is an overlap of conduction 
periods, and the rectifiers conduct in a Sequence which is 
detemined by the phasing of the instantaneous secondary 
voltages of the power transformer, 
(and in the eiectron-tube equivalent ciscult}, two rec 
ate conducting at any instant of time, with rectifier conduc- 
tion occurring in the foliowing order; CR] and CR6, CR6 
and CR2, CR2 and CR4, CR4 and CR3, CR3 and CRS. CRS 
and CRI, CRI and CR6, etc. 

Each positive and negative peak in each of the three 
phases produces a current pulse in the load. Because of 
the nature of the rectifier conduction petiods, each rectifier 
conducts for 120 degrees of the cycle, and carries one third 
of the toial loud cuent. The voltage, Co, produced 
actoss the load resistance is detennined by the instantaneous 
current flowing through the load; therefore, the output voltage 
has ¢ Its In a ripple voltage, 
becouse the output current and age are nol continuous. 
The frequency of the ripple voltage is six times the irequency 


has ¢ pulsating waveform, which 
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of the a-c source. Since this ripple frequency is higher than 
the ripple frequency of a single-phase, full-wave rectifier 
circuit or a three-phase, half-wave rectifier circuit, relative- 
ly little filrering is required to smooth out the ripple and 
produce a steady d-c voltage. 

The peak inverse voltage across on individual rectifier 
(multip!e or stacked units) in the three-phase, full-wave 
(deita secondary) rectifier clicuit during the 
the rectifier is nonconducting is approximately 1.42 times 
the rms voltage across the secondary winding of one phase. 

The regulation of the circuit is considered to be very 
good, and is better than that of a single-phase rectifier or 
of a three-phase, half-wave rectifier circuit having equivalent 
power-output rating. The output of the three-phase, full 
wave rectifier circuit is connected to a suitable filter cir- 
cult io smooth the pulscting direct curtent for use In the 
load circuit. (Filter preg are discussed in Part D of this 
section ct the handicok, 


FAILURE ANALY315. 

No Output. in the three-phase, iuii-wave (deita secondaty) 
rectifier circuit, the no-output condition is likely te be limfted 
to one of three possible causes: the lack of applied ac 
voltage, ¢ shorted load circuit (including shorted filter capa- 
citors), or an open filter choke. 

NOTE 

Most filter circuits used in Navy 

equipment employ two-section chake- 

input filters; thus, om open choke in 

either section will cause no output. 
timary voltage removed flow dy 
tinuity measurements should be made of the secondary and 
primary windings to determine whether one or more than one 
winding {s open. Since the three windings of the delta- 
secondaty circuit are sometimes connected intemally and 
only three terminals are brought out of the case, voltage ond 
resistance measurements are made between the terminals of 
the deita-connected secondaries. When making measurements 
(voltage or resistance} of the secondary circuit, it should be 
temembered that the windings form a delta configuration, 
with two windings in series, and this combination in parallel 
with the winding under measurement. In other instances, 
the secondary windings are connected to six individual termi- 
nals, and these terminals are connected together to form a 
delta configuration. Thus, in this instance, the terminal 
ay he removed to enable measurements to be 
~” iduai secondary windings, independent of other 
windings, Ii necessary, the ac voltage at each of the three 
high-voltage secondaries may de measured between the 
terminals of the delte-connected secondaries, to determine 
whetner voitage 16 oresent ang oi the comect value. Also, 
if necessary, measure the applied three-phase primary voit- 
age tc determine whether it is present and of the correct 
vajue. 

With the primary voltage removed from the circuit, resist- 
ance measurements can be made at the output terminals of 
the rectitier circuit (across load) to determine whether the 
load circuit, including the filter, is shorted. (As explained 
in the Lope note, Gn open choke in the filter clreuflt 

Ht A snori in the pomponentad ol 
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sive load current to flow and may result in permanent dam- 
age to the rectifiers. Therefore, once the difficulty in the 
load {including filter) circuit has heen located 314 correct- 
ed, the rectifiers should be checked to determine whether 
they have been damaged as a result of the overload con- 
dition, 

Low Output. Except for the voltage and resistance 
measurements of the delta-secondary circuit, the checks for 
a low-output condition are essentially the same as those 
given for the three-phase, full-wave (single ‘‘Y’' secondary) 
tectifier circuit, previously discussed in this section. Also, 
refer to the paragraph above for information concerning pro- 
cedures to be used when making voltage and resistance 
measurements on delta-connected secondary windings. 


THREE-PHASE, HALF-WAVE (DOUBLE ‘'Y” SECONDARY) 
RECTIFIER. 


APPLICATION. 

The three-phase, half-wave rectifier with double-wye 
secondary and interphase reactor is used in electronic 
equipment for applications where the primary a-c source is 
three-phase and the d-c output power requirements are 
relatively high. The rectifier circuit can be arranged to 
furnish either negative or positive high-voltage output to the 
load. 


CHARACTERISTICS 

Input to circuit is three-phase ac; output is de with ompli- 
tude of ripple voltage less than that for a single-phase recti- 
fier. 

Uses six semiconductor rectifiers (multiple or stacked 
units). 

Output requires very little filtering; d-c output ripple 
frequency is equal to six times the primary line-voltage fre- 
quency. 

Has good requlation characteristics, 

Circuit provides either positive- or negative-polarity out- 
put voltage, 

Uses multiphase power transformer with two parallel 
sets of wye-connected secondaries operating 180 degrees 
out of phase with each other. The center points of the wye- 
connected secondaries are connected through an interphase 
reactor or balance coil to the load. The primary windings 
are generally delta-connected. 


CIRCUIT ANALYSIS. 

General. Fundamentally, this rectifier circuit resembles 
two half-wave (three-phase star) rectifiers in parallel, each 
rectifier circuit operating from a common delta-connected 
primary, and sharing a common load through an interphase 
teactor or balance coil. (The three-phase, half-wave recti- 
fier circult was previously described in this section.) The 
three-phase, half-wave (double-wye secondary) rectifier cir- 
Cult uses a power transformer with two sets of wye-connected 
secondaries, the winding of one set being connected 180 
degrees out of phase with respect to the corresponding 
windings of the other set. For this reason, the circuit is 
sometimes referred to as 0 six-phase, half-wave or @ delta- 
double-wye with balance coil rectifier circuit, The junction 
point of each wye-connected secondary is, in turn, connec- 
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ted to a center-topped inductance, called an interphase reac- 
tor OF balance coil. The center tap of the interphase reactor 
is the common output terminal for the load, 

Circuit Operction. The three-phase, half-wave (double- 
wye secondary) rectifier citcuit is illustrated in the accom- 
panying schematic. The circuit uses a three-phase power 
transformer, T1, to step up the altemating source voltage to 
a high value in the wye-connected secondaries. The primary 
windings cf the transformer are shown delta-connected; the 
delta primary is common to both wye-connected secondaries. 


LOAD € 


Basic Three-Phase, Holf-Wave (Double “‘Y'' Secondary) 
Rectifier Circuit 


Semiconductor rectifiers CAL, CR2, and OR3 are connec- 
ted to secondary terminals 1A, 2A, ond 3A, respectively. 
Rectifiers CR4, C5, and CR6 are connected to secondary 
terminals 3B, 1B, and 2B, respectively. The rectifiers are 
identical-type semiconductor rectiffers. Although the sche- 
matic shows only six individual rectifiers in the circuit, 
each graphic symbol represents twe or more diodes in series 
to obtain the necessary peak-inverse characteristics for 
high-voltage operation. 

The center-tapped inductance, LJ, is an interphase 
teactor or balance coil. The common terminal of each wye- 
connected secondary is connected to one end of L1; the 
center tap of the interphase reactor is connected to the load. 
Thus, the output-load current of each three-phase, half-wave 
rectifier circuit passes through one half of the interphase 
Teactor, and these two currents are then combined in the 
load. For satisfactory operation, interphase reactor Ll 
must have sufficient inductance to maintain continuous 
curtent flow through each half of the coil. In effect, this 
reactor constitutes ¢ choke-input filter arrangement, and 
exhibits the regulation characteristics of sucha filter. 

The circuit arrangement shown in the illustration permits 
either terminal of the load to be placed at ground potential, 
depending upon whether a positive or negative d-c output 
is desired; however, the circuit is commonly arranged for a 
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positive d-c output, with the negative output terminal at 
ground (chassis). It is good design practice for the d-c 
output terminal associated with the center tap of the induct- 
ance, Ll, to be grounded; therefore, the secondary-to-core 
insulation of transformer T1 need not be as great as it would 
be if the secondary windings were above ground by the 
amount of the d-c output voltage. When a negative high- 
voltage d-c supply is required, it is common practice to 
keep the center tap of inductor L] at ground (chassis) po- 
tential and to reverse the rectifiers (CRI through CR6); 
thus, the output polarity across the load will be opposite 
that shown in the schematic. 

The operation of the three-phase, half-wave (double-wye 
secondary) rectifier circuit can be readily understood from 
a study of the equivalent electron-tube circuit description 
ond the associated wavetorms given at eg in this sec- 
tion of the handbook. The zefer: i 
semiconductor rectifiers C! 
rently to the reference desiqnntinns ised jn the velectrone 
tube circuit for rectifiers V1 through V6. Since the recti- 
fier action which takes place in both circuits is the same, 
an explanation of circuit operation is not given here. 

The operation of each half-wave rectifier circuit associ- 
ated with a three-phase secondary ('’A’’ or ‘'B’’) is the 

cme cs that given for the three-phase, jidl-wave (three- 

phase stor) rectifier circuit previously desctibed in this 
section. 
windings differ in phase by 120 degrees, the voltages in- 
duced in corresponding windings of the two sets of wye- 
connected secondaries (''A'' and '’B’') are 180 degrees out 
of phase with respect to each otner. 

At any instant of time, two rectifiers are conducting to 


ie the toad, hot their current 


fips occurs. * Bach rectifier oe for 120 degrees oi the 
input cycle and contributes one sixth of the total current 
supplied to the load, 
ducting at any instant of time, with the rectriter conduction 
periods occurring in the following order: CRi and CR4, 
CR4 and CR2, CR? and CRS, CRS and CR3, CR3 and CR6, 
= and CR1, CRI and CR4, etc. 
F 


main component of the tipple frequency present 


two rectifiers cre con- 


In this cite 


The 
across the interphase reactor can is three times the fre- 
queni am i the a-c source. Electrons flow through the iood 
in pulses, one pulse for each positive half-cycle of the 


e three chases of the two 


sets of second 


aries ate 180 degrees out of phase with respect to each 
othe: erefote, the ouiput \ ge has & tipple frequency 
which is six times the frequency of the o-c source. Since 


er that that of a singiennase 


ipple fre 
full-wave rectifier circuit or a three-phase, holf-wave (three 
Dhase star) rectifier circuit, relotively littie filtering is 
required to smooth out the tipple and produce 4 steady d-c 
voltage 

The peak inverse voltage acre. : a rectifier (multinle ot 
stacked units) in a secondary ieg of the three-phase, half- 
wave (double-wye secondary) rectifier circuit during the 
Period of time the rectifier is non-conducting is cpproxi- 
mately 7.45 mes the ims voltage across the secondary 


winding of one phase, 
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Although the voltages induced in the three secondary 
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The regulation of the circuit is considered to be very 
good, and is better than that of a single-phase rectifier or 
of a three-phase, half-wave (three-phase star) rectifier cir- 
cuit having equivalent power-output rating. The output of 
the three-phase, half-wave (double-wye secondary) rectifier 
circuit is connected to a suitable filter circuit io smooth 
the pulsating direct current for use in the load circuit. 


(Filter circuits are discussed in Part D of this section of 


the handbook.) 


FAILURE ANALYSIS. 

No Output. In the three-phase, half-wave {double-wye 
secondary) rectifier circuit, the no-output condition is likely 
to be limited to one of three possible causes: the lack of 
applied oc voltage, a shorted load circuit {incl 
2 open input choke 

NOTE 
Most filter circuits used in Navy 
equipment eniploy two-section choke- 
input tilters; thus, an open choke in 
either section wiil cause no outpui. 

With the primary voltage removed from the circuit, con- 
tinuity measurements should be made of the secondary and 
primary windings, to determine whether one or more than one 
winding is open, and whether the common terminals of the 
wye-connected secondaries are connected to the load circuit 
through the interphase reactor or balance coil. If necessary, 
the a-c secondary voltage may be measured at one (or more) 
of the high-voltage secondaries (between the common termi~ 
nal of the wye-connected secondaries and one or more recti- 
fiers}, to determine wheihe: volts: sent and of the 
correct value, Aiso, if necessary, measure the applied 
three-phase primary voltage to determine whether it is pre- 
sent and of the correct value. 

With primary voltege removed from the rectifier circuit, 
resistance measurements can be made at the output termi 
nals of the rectifier circuit {across load) to determine 
whether ie load circuit, including the filter, is shorted. 

A short in the components of the load circuit (including 
filter Srl will cause an excessive load current to flow, 
and considerable output voltage will be developed across 
each half of the interphase reactor, L1. If an open shouid 
develop in both halves or in the center-tap lead of the inter- 
phase reactor, no output wali te deveicred. Likewrse, an 
open choke in the filter circuit will cause no output. (See 
note shove.) An excessive load current caus + hy shorted 
components in the c 
to the tectifiers. 


ihe: capacitors}, 


Spetelore, ons the 2 ial 


have peen damauea ds a tesuii of ME Gyetiodd 
Low Output. An open circuit in one halt of 
phase reactor will disconnect it ed th 
wye-Connected secondary 
as a result, and the rectifier circuit will continue to 5 open 
as a three-phase. half-wave rectifier with single-wye second- 
ary. Therefore, the continuity of each half of 
reactor (L1} should be checked tc determine whether 
half of the winding is open. 
c Ine three-phase primary volt 


CBU, Way sito 
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primary and secondary windings, to determine whether one 
(or more) of the windings is open. If necessary, the a-c 
voltage of each secondary windinc in each set of second- 
aries may be measured between the common terminal of the 
wye connection and the individual secondary terminal of 
the corresponding rectifier, to determine whether voltage 

is present and of the correct value. Also, if necessary, 
measure the applied three-phase primary voltage at each 
Phase, to determine whether voltage is present and of the 
correct value, since a low applied primary voltage can re- 
sult ina low secondary voltage. 

Shorted turns in either the primary or secondary windings 
will cause the secondary voltage to measure below normal. 
(A check for shorted turns is outlined in the failure analysis 
described for the electron-tube equivalent circuit given 
earlier in this section of the handbook.) 

The load current should be checked to make sure that it 
is not excessive, because a decrease in output voltage can 
be caused by an increase in load current (decrease in load 
resistance); for example, excessive leakage in the capaci- 
tors of the filter circuit will result in incteased load current. 

Failure of a rectifier to conduct will cause a loss of 
current delivered to the load, and the output voltage will be 
reduced accordingly. Therefore, each rectifier should be 
checked to determine whether the low output is due to normal 
Tectifier aging, or to one or more defective rectifiers. A 
relative check of rectifier condition can be made by using 
an ohmmeter, as outlined in a previous paragraph of this 
section. A comparison can be made by checking one recti- 
fier against each of the others to determine whether the 
rectifiers have similar characteristics. If the forward re- 
sistance of the rectifier increases, the output voltage will 
decrease. Also, if the reverse resistance decreases, the 
output voltage will decrease and the amplitude of the tipple 
voltage will also increase. Once it has been determined 
that the load circuit (including filter components) is satis- 
factory, a procedure which can be used to quickly determine 
whether the rectifiers are at fault is to substitute known 
good rectifiers in the circuit and measure the output voltage 
under normal load conditions. 


HALF-WAVE VOLTAGE DOUBLER. 


APPLICATION. 

The half-wave voltage-doubler circuit is used to produce 
@ higher d-c output voltage thon can be obtained from a 
conventional half-wave rectifier circuit. This voltage 
doubler is normally used in ‘‘transformerless"! circuits 
where the load current is small and voltage regulation is 
hot critical. “The circuit is frequently employed as the 
plate voltage supply in small Portable receivers and audio 
amplifiers and, in some equipment applications, as a bias 
supply. 


CHARACTERISTICS, 

Input to circuit is ac; output is pulsating de. 

D-C output voltage is approximately twice that obtained 
from half-wave rectifier circuit; output current is telatively 
small. 

Output requires filtering; d-c output ripple frequency is 
equal to a source frequency. 
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Has poor regulation characteristics 7 Output voltage avail- 
able is a function of load current. 

Uses two semiconductor rectifiers (single, multiple or 
stacked units). 

Depending upon circuit application, may be used with or 
without @ power or isolation transformer. 


CIRCUIT ANALYSIS. 

General. The half-wave voltage-doubler circuit is used 
with or without a tronsformer to obtain a d-c voltage from an 
a-c source. As the term voltage doubler implies, the output 
voltage is approximately twice the input voltage. The half- 
wave voltage doubler derives its name from the fact that 
the output charging capacitor (C2) across the load receives 
@ charge once for each complete cycle of the applied voltage. 
The half-wave voltage doubler is sometimes called a cascade 
voltage doubler. The voltage regulation of the circuit is 
Poor, and, therefore, its use is generally restricted to ap- 
plications in which the load current is small and relatively 
constant. 

Circult Operation. In the accompanying circuit sche- 
matics, parts A, B, and C illustrate basic half-wave voltage- 
doubler circuits. The circuit shown in part A uses a trans- 
former, Tl, which can be either a step-up transformer to 
obtain a high value of voltage in the secondary circuit, or 
an isolation transformer. The circuits shown in parts B 
and C do not use a transformer, and operate directly from 
the a-c source. In the circuit illustrated in part A, the use 
of transformer T1 permits either output terminal to be placed 
at ground (chassis) potential. The circuit illustrated in 
part B places one side of the a-c source at a negative d-c 
potential, and thus restricts the circuit to use as a Positive 


Basic Half-Wave Voltage -Dowbler Circuits 
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d-c supply. A variation of this circuit is illustrated in 
part C; this variation provides a negative output voltage. 
The rectifiers, CRl and CR2, are identical-type semi- 
conductor diodes. In the three circuits illustrated, the 
functions of rectifiers CR1 and CR2, and of charging capaci- 
tors Cl and C2, are the same for each of the circuits. Elec- 
trons flow through the load in the direction indicated by 
the arrow adjacent to the load resistance. The d-c output 
polarity for each circuit is indicated by the signs associ- 
ated with the load resistance. 
The circuits shown in parts B and C have a resistor, 
Rs, in series with the a-c source. This resistor, called the 
surge resistor, limits the peak current through each recti- 
fier to a safe value. The value of resistor Rs is influenced 


by the circuit design; det 


the consideration of several other factors, such as the ap- 
plied a-c voitage, the resistance of the loge cin 
capacitance yalue of the chaiging capacitors, and 


af the semiconductor diodes. 


tion af its ule inelides 


Ta the circuit 


shown i in part A. the resistor has been omitted since there 
is normally sufficient resistance in the secondary winding 
of transformer T] to limit the peak curent through each 
rectifier; however, some circuits may include a resistor 

(Rs) between the charging capacitor (C1) and the transformer 
secondary winding. 

The operation of the half-wave voitaue-doubler circuit 
can be readily understood from a study of the equivalent 
electron-tube citcuit description, simplified circuits, and 
associated waveforms given previously in this section of 
the handbook. The action of the semiconductor rectifiers 
in this voltage-doubler circuit is essentially the same as 
that described for the equivalent el lectron-tube circuit. 
Semiconductor rectifiers CR1 aud CR2 co 
to tectifiers Vi and V2 in the electton-tube circuit descrip- 
tion. For these reasons, an explanation of circuit operation 
is not given here. 

Charging capacitot C2 is charged only on altemate 
half-cycles of the applied o-c voltage, ond is always attempt- 
ing to discharge through the load resistance; therefore, the 
cutput voltage, @., Contains some voltage variation, or 
The frequency of the ripple voltage is the s 


4 suse capacitor C2 i 
frequency of the a-c source, becouse capacitor 


its arc discusced n Part D > of this 


FAILURE ANALYSIS. 
No Output. In the half-wave v: 
the noroutput condition is 


Hely to be Hndied to one of 


the lack of appli 
yo 20CK of apps 


severul pussible causi 
(including the possibility of a defective transformer 0 or an 
fs) uatge resister 2s) 
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The a-c supply voltage should be measured at the input 
of the circuit to determine whether the voltage is present 
and is the correct value. If the circuit uses a step-up or 
isolation transformer (T1}, measure the voltage at the sec- 
ondary terminals to determine whether it is present and is 
the correct value. With the primary voltage removed from 
the transformer, continuity measurements of the primary and 
secondary windings should be made io determine whether 
one of the windings is open, since an open circuit in either 
winding will cause a lack of secondary voltage. 

If the circuit includes a surge resistor (Rs), a resist- 
ance measurement can be made to determine whether the 
resistor is open. If the resistor is found to be open, the 
voltage-doubler and load circuit should be checked further 
to determine whether excessive load current, a detective 
of G shorted capacitor hos caused the resistor & 
act as a fuse and to npen. 

With the a-c supply voltage removed from the input to 
the circuit and with the load Nisconnected from capacitor 
C2, resistance measurements can be made across the termi- 
nals of capacitor CZ and at the output terminals of the cir- 
cuit (across the load). These measurements will determine 
whether capacitor C2 or the load circuit {including filter 
components} is shorted. Because capacitor C2 and the 
filter-circuit capacitors are electrolytic capacitors, the 
resistance measurements may vary, depending upon the test- 
lead polarity of the ohmmeter. Therefore, two measurements 
must be made, with the test leads reversed at the circuit 
test points for one of the measurements, to determine the 
larger of the two resistance measurements. The larger 
resistance v 
Capacitor Cl may be checked in a similar manner. 

A quick method which can be used to determine whether 

apacitor Cl or C2 is the source of trouble is to substitute 
a known good capacitor in the circuit for the suspected 
capacitor, and then measure the resulting output voltage. 

The rectifiers should be checked to determine whether 
they are open or otherwise defective. A relative check of 
the rectifier condition can be made by use of an ohmmeter, 
as outlined in a previous paragraph of this section. However, 
failure of one or both rectifiers may be the result of other 
causes: therefore, tests of the filter and load circuit are 
necessary. Once it is determined that the filter components 
and load circuit are satisiactory, a procedure which can be 
used to quickly determine whether the rectifiers are defec- 
tive is to substitute known good rectifiers in the circuit 
Jad mansire me outout voitage. 

Low Output. 


ue is then accepted as the measured vulue. 


The a-c supply voltaye should be measured 


at tne input of the circuit to determine whether the voltage 
is the correct value, since a low applied voltage can tesuit 
im @ 10W Outdul voitdge. 

Each rectifier should be checked to determine whether 


ohmmeter, as outlined in a previous paragraph of this sec- 
tion. Tf the forward resistance of the rectifier increases, 
the output voltage will decrease. Also, if the reverse re- 
sistance decreases, the output voltage will decrease, and 
the amplitude of the ripple voltaue will increase. 

The land current should be checked to muke sure that 
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poor regulation and an increase in load current (decrease in 
load resistance) can cause a decrease in output voltage. 
One terminal of each charging capacitor, Cl and C2, 
should be disconnected from the circuit and each capacitor 
checked, using a capacitance analyzer, to determine the 
effective capacitance ond leakaye resistance of each capaci- 
tor. A decrease in effective capacitance or losses within 
either capacitor can cause the output of the voltage-doubler 
circuit to be below normal, since the defective capacitor 
will not charge to its normal operating value. Ifa suitable 
capacitance analyzer is not available, an indication of 
leakage resistance can be obtained by use of an ohmmeter; 
the measurements are made with one terminal of the capaci- 
tor disconnected from the circuit. Using the ohmmeter pro- 
cedure outlined in a previous paragraph for the no-output 
condition, two measurements are made (with the test leads 
reversed at the capacitor terminals for one of the measure- 
ments). The larger of the two measurements should be 
greater than 1 megohm for a satisfactory capacitor. A pto- 
cedure which can be used to quickly determine whether the 
capacitors are the cause of low output is to substitute 
known good capacitors in the circuit and measure the re- 
sulting output voltage under normal load conditions. 


FULL-WAVE VOLTAGE DOUBLER. 


APPLICATION. 

The {ull-wave voltaye-doubler circuit is used to produce 
a higher d-c output voltaye than can be obtained from a 
conventional rectifier circuit utilizing the same input volt- 
aye. This voltage doubler is normally used where the load 
current is small and voltage regulation is not too critical; 
however, the regulation of the full-wave voltage doubler is 
better than that of the half-wave voltage doubler. The cir- 
cuit is frequently employed as the power supply in small 
portable receivers and audio amplifiers und, “. some equip- 
ment applications, as a bias supply. 


CHARACTERISTICS. 

Input to circuit is ac; output is pulsating de. 

D-c output voltage is approximately twice that obtained 
from half-wave rectifier circuit; output current is relatively 
small. 

Output requires filtering; d-c output ripple frequency is 
equal to twice the a-c source frequency. 

Has relatively poor regulation characteristics; output 
voltage available is a function of load current. 

Uses two semiconductor rectifiers (single, multiple, or 
stacked units). 

Depending upon circuit application, may be used with 
or without a power or isolation transformer. 


CIRCUIT ANALYSIS. 

General. The full-wave voltage-double: circuit is used 
either with or without a transformer to obtain a d-e voltage 
from d-c source. As the term voltage doubler implies, the 
output voltage is approximately twice the input voltage. 
The full-wave voltaye doubler derives its name from the 
fact that the charging capacitors (Cl and C2) are in serjes 
across the load, and each capacitor receives a charge on 
alternate half-cycles of the applied voltage; therefore, two 
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pulses are present in the load circuit for each complete 
cycle of the applied voltage. Although the voltaye regulation 
of the full-wave voltage doubler is better than that of the 
half-wave voltage doubler, it is nevertheless considered 

poor as compared with conventional rectifier circuits. 
Therefore, use of the circuit is generally restricted to ap- 
plications in which the load current is smal] and relatively 
constant. 

Circuit Operation. A basic full-wave voltage-doubler 
circuit is shown in the accompanying circuit schematic. 
Fundamentally, the circuit consists of two half-wave recti- 
fiers, CR] and CR2, and two charging capacitors, Cl and C2, 
arranged so that each capacitor receives a charge on alter- 
nate half-cycles of the applied voltage. The voltage de- 
veloped across one capacitor is in series with the voltage 
developed across the other; thus, the output valtage develop- 
ed across the load resistance is approximately twice the 
applied voltage. 


Basic Full-Wave Voltage-Doubler Circuit 


The rectifiers, CR] and CR2, are identical-type semicon- 
ductor diodes, and the charging capacitors, Cl and C2, are 
of equal value. Equalizing resistors Rl and R2 are con- 
nected across charging capacitors Cl and C2, respectively; 
they are of equal value and are generally greater than 2 
megohms. Resistors Rl and R2 are not necessary for cit- 
cuit operation; however, when included in the circuit, they 
have a dual purpose in that they tend to equalize the volt- 
ayes actoss the charging capacitors and also act as bleeder 
tesistors to discharge the associated capacitors when the 
circuit is deenergized. When capacitors Cl and C2 are 
large, the peak charge current, during the period of time the 
rectifier conducts, may be excessive. To limit the charge 
current and offer protection to the rectifiers, a protective 
"surge"! resistor, Rs, is placed in series with the a-c 
source; however, if a transformer is used and if there is 
sufficient resistance in the secondary winding, the series 
tesistot is usually omitted. 

One disadvantage of the full-wave voltage-doubler cir- 
cuit is thet neither d-c output terminal can be directly con- 
nected to ground or to one side of the a-c source; however, 
when a step-up or isolation transformer is used to supply 
the input to the voltage doubler, either output terminal may 
be connected to ground or to the chassis. 

The operation of the full-wave voltage-doubler circuit 
can be readily understood from a study of the equivalent 
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electron-tube circuit description, simplified circuits, and 
associated waveforms given previously in this section of 
the handbook. The action of the semiconductor rectifiers 
in this voltage-doubler circuit is essentially the same as 
that described for the equivalent electron-tube circuit. 
Semiconductor rectifiers CR1 and CR2 correspond directly 
to rectifiers Vl and V2 in the electron-tube circuit descrip- 
tion. For these reasons, an explanation of circuit operation 
is not given here. 

Charging capacitors Cl and C2 are connected in series 
across the load resistance, and each capacitor receives a 
charge on alternate half-cycles of the applied voltaye; 
therefore, the output voltage, eo, contains some voltage 
variations, ot ripple. The frequency of the main component 
uf ihe cipple voltage is ogual te twice the frequency nf the 
a-c source and, therefore, additional filtering is required to 
obtain a steady d-c voltage. (Filter circuits are discussed 


in Part D of this section of the handbook.} 
The the voltage doubler circuit is rel hy 
poor; the value of the output voltage obtained is determined 


largely by the resistance of the load and the resulting load 
current. If the load current is large, the voltage across 
capacitors Cl and C2 is reduced accordingly. 


FAILURE ANALYSIS. 

No Output. In the full-wave voltage-doubler circuit, the 
no-output condition is likely to be limited to one of several 
possible causes: the lack of applied a-c voltage (including 
the possibility of a defective transformer or an open surge 
resistors Rs), a shorted load circuit (including filter circuit 
capacitor}, an open filter choke, or defective rectifiers. 

The a-c supply voltage should be measured ct the input 
of the circuit to determine whether the vultaye is pi 
and is the correct value. If the circuit uses a step-up or 
isolation transformer, measure the voltage at the secondary 
terminals to determine whether it is present and is the cor- 
rect value. With the primary voltage removed { 
former, continuity measurements of the primary and second- 
ary windinys should be made to deteming: whether one ot 
the windings is open, 
ing will cause a lack of ook voltage. 

Hf the circuit includes a surge resistor (Rs), a resistance 
measurement can be made to determine whether the resistor 
is open. If the resistor is found to be open, the voltage - 
doubier and ioad circuii stiwuld be checked further to deter- 


the 


mine 


or a shorted capacitor f 


and uit 
connected from cupucitor D1, res 
be made across the load to determine whether the load cir- 
cuit (including filter components) is shorted. Measurements 
should be made across the terminals of charging capacitors 
Cl and C2 to determine whether one or both capacitors are 
shorted. (If the citcuii includes equalizing resistors Rl and 
R2, the resistance measured across a capacitor will normaliy 
measure something less than the value of the equalizin 


the resistance measurements may yary, depend! 


test-lead polarity of the ohmmeter. Therefore, two measure- 
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ments must be made, with the test leads reversed at the 
capacitor terminals for one of the measurements, to deter- 
mine the larger of the two resistance measurements. The 
larger resistance value is then accepted as the measured 
value. 

A quick method which can be used to determine whether 
capacitors Cl and C2 are the source of trouble is to sub- 
stitute known good capacitors in the circuit, and then meus~ 
ure the resulting output voltage. 

The rectifiers should be checked to determine whether 
they are open or otherwise defective. A relative check of 
the rectifier condition can be made by use of an ohmmeter, 
as outlined in a previous paragraph of this section. How- 
ever, failure of the rectifiers may be the result of other 
couses; therefore, tests of the filter and load circuit are 
necessary. Once it is determined tat tne filter components 
ang ioad circuit are satisfactory, ¢ procedure which can he 
used to quickly determine whether the rectifiers are defec- 
tive is to subs e known good rectifiers in the circuit and 
measure the output voltage. 

Low Output. The a-c supply voltaye should be measured 
at the input of the circuit to determine whether the voltage 
is the correct value, since o low applied voltage can result 
in a low output voltage. 

Each rectifier should be checked to determine whether 
the low output is due to normal rectifier aging. A relative 
check of rectifier condition can be made by use of an ohm- 
meter, as outlined in a previous paragraph of this section. 
If the forward resistance of the rectifier increases, the out- 
put voltage will decrease. Also, if the reverse resistance 
decreases, the output voltage will decrease, and the ampli- 
tude of the ripple voltage will increase. 

The load current should be checked to make sure that 
it is not excessive, because the voltage-doubler circuit has 
poor regulation and an increase in load current (decrease 
in load resistance) can cause a decrease in output voltage. 

One terminal of each charging capacitor, Cl and C2, 
should be disconnected from the citcuit and each capacitor 
checked, using a capacitance analyzer, to determine the 
effective capacitance and leakage resistance of each capaci- 
tor. A decrease in effective capacitance or losses within 
either capacitor can cause the output of the voltaqe-doubler 
circuit to be below normal. since the defective capacitor 
will not charge to its normal operating vale: Ifo suitable 


alyzer is act av: 
alyzer is act av 


meusuredients ade with o 
ror disconnected from the circuit and, 
procedure outlined in a previous ee { 
rand two measurements are made {with the rest (gad 

at the capacitor terminals for one ni the measure 


ie: 
ments). The larger of the two measurements should be 
qreater than 1 megonm for a satisfactory cupacitor. A pro- 
cedure which can be used to quickly determine whether the 
Carries are the sae of low output is to substitute 

and mensure the resnlt- 
ing output voltage under normal load conditions. 
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VOLTAGE TRIPLER. 


APPLICATION. 

The voltaye-tripler circuit is used to produce c higher 
d-c output voltage than can be obtained from a conventional 
rectifier circuit utilizing the same input voltage. It is 
normally used in '‘transformerless” circuits where the load 
current is small and voltage regulation is not critical. 


CHARACTERISTICS. 

Input to circuit is ac; output is pulsating de. 

D-c output voltage is approximately three times the 
voltage obtained from basic half-wave rectifier circuit 
utilizing the same input voltage; output current is relatively 
small. 

Output requires filtering; d-c output ripple frequency is 
either twice or equal to a-c source frequency, depending 
upon tripler circuit arrangement. 

Has poor regulation characteristics; output voltage 
available is a function of load current. 

Uses three semiconductor rectifiers (single, multiple, or 
stacked units), 

Depending upon circuit application, may be used with or 
without a power or isolation transformer. 


CIRCUIT ANALYSIS. 

General. The voltage-tripler circuit is used with or 
without a transformer to obtoin a d-c voltage from an a-c 
source. As the term voltage tripler implies, the output 
voltage is approximately three times the input voltage. The 
voltage tequlation of the voltage tripler is relatively poor as 
compared with the regulation of either the half-wave or the 
full-wave voltaye-doubler circuit. Assuming that a given 
voltage-multiplier (doubler, tripler, or quadrupler) circuit 
uses the same value of capacitors in each instance, the 
greater the voltage-multiplication factor of the circuit, the 
poorer the regulation characteristics. However, the regula- 
tion characteristics can be improved somewhat by increasing 
the value of the individual capacitors used in the voltage- 
multipler circuit. Because of the regulation characteristics 
of the voltage tripler, the use of the circuit is generally 
restricted to applications in which the load current is small 
and relatively constant. 

Circuit Operation. Three voltage-tripler circuits are 
shown in the accompanying illustration. The schematic of 
part A shows a basic voltage-tripler circuit, which is funda- 
mentally a half-wave valtage-doubler and a half-wave recti- 
fier arranged so that the output voltage of one circuit is in 
series with the output voltage of the other. The schematic 
of part B shows a modified tripler circuit arranged for posi- 
tive output, with the negative output terminal common to one 
side of the a-c source; part C shows this same circuit 
arranged for negative output, with the positive terminal 
common to one side of the a-c source. In each of the valt- 
age-tripler circuits shown in the accompanying illustration, 
the total output voltage developed across the load resist- 
ance is approximately three times the applied voltage. 

The rectifiers, CR1, CR2, and CR3, are identical-type 
semiconductor diodes in each of the three circuits illus- 
trated. Charging capacitors Cl, C2, and C3 are of equal 
capacitance value in each of the three circuits; however, 
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because of the higher voltage developed across capacitor 
C2, the voltage rating of C2 is always greater than the 
voltage rating of either Cl or C3. Resistors Rl and R2, 
shown in the circuit of part A, are not necessary for circuit 
operation; however, when they are included in the circuit, 
tesistots Rl and R2 stabilize the voltage developed across 
the two series capacitors, C2 and C3, respectively, and 
also act as a bleeder to discharge the capacitors when the 
circuit is de-energized. The value of resistor Rl is general- 
ly twice the value of resistor R2. 


Voltage-Tripler Circuits 


A surge resistor, Rs, is placed in series with the a-c 
source; however, if a transformer is used in the circuit, and 
if there is sufficient resistance in the secondary winding, 
the resistor may be omitted. 

Each tripler circuit illustrated has one disadvantage in 
that neither d-c output terminal can be directly connected 
to gfound (chassis). (The circuits shown in parts B and C 
have one output terminal in common with the a-¢ source.) 
Ifa step-up or isolation transformer is used to supply the 
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input to a tripler citcuit, either output terminal may be con- 
nected to ground or to the chassis. 

The operation of the tripler circuits can be readily 
understood from a study of the equivalent electron-tube 
circuit descriptions given previously in this section of the 
handbook. The action of the semiconductor rectifiers in a 
tripler circuit is essentially the same as that described for 
the equivalent electron-tube circuit. Semiconductor recti- 
fiers CRI, CR2, and CR3 correspond directly to rectifiers 
V1, V2, and V3 in the electron-tube circuit description. For 
these reasons, an explanation of circuit operation is not 
given here. 

In the circuit shown in part A, charging capacitors C2 
and C3 are in series across the load resistance, and each 
ralt-cycles nf the 


Lupucitor tecéives G charge 
applied voltage; as 9 result, the output voltage contains 
some tipple. In this tripler circuit, the frequency of the 
main component of the ripple voltage is equal to twice the 
frequency of th 
Band C, chdtaing capacitor C2 receives a charge on alter- 
nate hali-cycles only; thus, the output voltaye of these two 
circuits contains a tipple voltage which has a frequency 
equal to that of the a-c source. 

As stated previously, the regulation of a voltage- triplet 
circuit is relatively poor; therefore, the value of the output 
voltage obtained from the voltage tripler is determined large- 
ly by the resistance of the load and the resulting load cur- 
rent. The output of each of the circuits illustrated requires 
filtering to obtain a steady d-c voltage. (Filter circuits are 
discussed in Part D of this section of the handbook.) 


the circuits shown in parts 


6. In the circuits she 


FAILURE ANALYSIS. 

No Output. In the voltage-tripler circuit, the no-output 
condition is likely to be limited to one of several possible 
causes: the lack of applied a-c voltage (including the 
possibility of an open surge resistor, Rs, or a defective 
step-up or isolation transformer), a shorted load circuit 
{including filter circuit components), open charging capaci- 
tors (dependent upon circuit configuration), or defective 
rectifiers. 

The a-c supply voltage should be measured at the input 
to the circuit to determine whether the voltage is present 
ond is the correct velue. If the circuit uses a step-up or 
isolation transformer, measure the voltage at the secondary 
terminals to SereImAne whethel 


en, Since an open cilcuit 
of seconda 


measurement can be made to determine whether the te tesistor 
is open. Tf the resistor is found to be open, the voltage 
tripler and the load (including filter) circuit should be 
checked further to determine whether excessive load cur 
rent, a defective rectifier, or u Shorted capacitor has caused 
the resistor to act as a fuse and to open. 
With the o-c supply voltage Bas ved tro m the output to 
Va 


the load fi 


connected fram the soe term, ace 
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whether the load circuit {including filter components) is 
shorted. Measurements should be made across the terminals 
of charging capacitors C2 and C3 in the tripler circuit shown 
in part A, or actoss charging copacitor C2 in the tripler 
circuit of part B or part C, to determine whether the no- 
output Condition is caused by shorted capacitors. The 
tripler circuit shown in part A includes resistors RI and 

R2; therefore, the resistance value measured across cupuci- 
tors C2 and C3 will normally be something less than the 
value of the associated bleeder resistor. Since the charging 
capacitors are electrolytic capacitors, the resistance meas- 
urements will vary, depending upon the test-lead polarity 

of the ohmmeter. Therefore, two measurements must be 
made, with the test leads reversed at the capacitor terminals 
far one of the measurements, to determine the larger of the 
two resistance measurements. The latyer tesistance value 
is then accepted as the measured value. Capacitor C1 may 
be checked in a similar manner. 

A quick method which can be used to determine whether 
an open capacitor is the source of trouble is to substitute 
a known good capacitor in the circuit for the suspected 
capacitor, and then measure the resulting output voltage. 

The rectifiers should be checked to determine whether 
they are open or otherwise defective. A relative check of 
tectifier condition can be made by use of an ohmmeter, as 
outlined in a previous paragraph of this section. However, 
failure of one ot more rectifiers may be the result of other 
causes; therefore, tests of the filter and load circuit are 
necessary, Once it is determined that the filter components 
and load circuit are satisfactory, a procedure which can be 
used to quickly determine whether the rectifiers are deiec- 
tive is to substitute known good rectifiers in the circuit and 
measure the output voltage. 

Low Output. The a-c supply voltaye should be measured 
at the input of the circuit to determine whether the voltage 
is the correct value, since a low applied voltage can result 
in a low output voltage. 

Each rectifier (CRI, CR2, and CR3) should be checked 
to determine whether the low output is due to normal recti- 
fier aging, A telative check of rectifier condition can be 
made by use of an chmmeter, 2s outlined in a previous 
paragraph of this section. If the forward resistance of the 
rectifier increases, the output voltage will decrease, Also, 
if the reverse resistance decreases, the output voltage will 
decrease. 

The load current should be checked to make sure that 
ot excessive, because the voltagetripler circuit has 
poor regulation and an increase in load current (decrease in 
load resistance) can cause a decrease in output voitoge. 

One terminal of each charging capacitor (C1, C2, and C3) 
shouid be disconnected from the circuit and each capacitor 
checked, using a capacitance analyzer, to determine its 
effective capacitance and leakaye resistance. A decrease 
in effective capacitance or losses within the capacitor can 
cause the output of the voltage-tripler circuit to be below 
normal, since the defective canaritor will not charge to its 
normal operating value. If a suitable capacitance analyzer 
is not available, an indication oi leakage resistance can be 
obtained by use of an ohmmeter. First, disconnect one 
tetminal of the capacitor from 


ohmmeter procedure outiined tor wie 
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make two measurements (reverse the test leads at the ca- 
pacitor terminals for one of the measurements). The larger 
of the two measurements should be greater than 1 megohm 
for a satisfactory capacitor. A procedure which can be used 
to quickly determine whether the capacitors are the cause 
of low output is to substitute known good capacitors of the 
same value in the voltaye-tripler circuit and measure the 
resulting output voltage under normal load conditions. 


VOLTAGE QUADRUPLER. 


APPLICATION. 

The voltage-quadrupler circuit is used to produce a 
higher d-c output voltage than can be obtained from a con- 
ventional rectifier circuit utilizing the same input voltage. 
Tt is normally used in ‘’tromsformerless’ circuits where the 
load current is small and voltage regulation is not critical. 


CHARACTERISTICS. 

Input to circuit is ac; output is pulsating de. 

D-c output voltage is approximately four times the volt- 
age obtained from basic half-wave rectifier circuit utilizing 
the same input voltage; output current is relatively small. 

Output requires filtering; d-c output ripple frequency is 
either equal to or twice the a-c source frequency, depend- 
ing upon quadrupler circuit arrangement. 

Has poor regulation characteristics; output voltage 
available is a function of load current. 

Uses four semiconductor rectifiers (single, multiple, or 
stacked units). 

Depending upon circuit application, may be used with 
or without a power or isolation transformer. 


CIRCUIT ANALYSIS, 

General. The voltage-quadrupler circuit is used with or 
without a transformer to obtain a d-c voltage from an a-¢ 
source. As the term veltoge quadrupler implies, the output 
voltage is approximately four times the input voltage. The 
voltage regulation of the voltage guadrupler is very poor as 
compared with the regulation of either the voltage-doubler 
or voltaqe-tripler circuit. Assuming that a given voltage- 
multiplier (doubler, tripler, or quadrupler) circuit uses the 
same value of capacitors in edch instance, the gteater the 
voltage-multiplication factor of the circuit, the poorer will 
be regulation characteristics. Because of the poor requlo- 
tion characteristics of the voltage guadrupler, the use of the 
circuit is generally limited to applications in which the load 
current is small and relatively constant. 

Circuit Operation. Three voltage-quadrupler circuits are 
shown in the accompanying illustration. The schematic of 
part A shows a basic cascade voltage-quadrupler circuit; 
fundamentally, this circuit consists of two voltage doublers 
whose outputs are in series. The schematic of part B shows 
a citcult arrangement which is a variation of that given in 
part A. The schematic of part C is a quadrupler circuit 
consisting of two complete half-wave voltage-doublers con- 
nected back-to-back and sharing a common a-c input. The 
circuits shown in parts A and B have the negative output 
terminal common to one side of the a-c source; both of these 
circuits can be arranged to have the positive output terminal 
common to one side of the a-c source by simply reversing 
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the connections to each rectifier (CR1 through CR4) and to 
each charging capacitor (C1 through C4). 

The rectifiers, CR1, CR2, CR3, and CR4, are identical- 
type semiconductor diodes in each of the three circuits il- 
lustrated. Chorging capacitors C1, C2, C3, and C4 are of 
equal capacitance value in each of the three circuits; how- 
ever, because of the differences in the voltages developed 
across individual capacitors in a particular circuit, the 
voltage ratings of the capacitors will differ. In the circuit 
of part A, the voltage rating of capacitors C3 and C4 is the 
same for each capacitor; the voltage rating of capacitor C2 
is less thon that of C3 or C4, and the rating of capacitor 
C1 is less than that of C2. In part B, the voltage rating of 
capacitors C2 and C4 is the same for each capacitor; the 
rating of C3 is less than that of C2 or C4, and the rating of 
Clis less than that of C3. In part C, the voltage rating 
of capacitors C3 and C4 is the same for each capacitor, 


Voltage-Quadrupler Circuits 


and the rating of capacitors C1 and C2 ts the same for each 
capacitor; however, the rating of capacitors Cl and C2 is 
Jess than that of C3 and C4. 

Equalizing resistors Rl and R2, shown in the circuits 
of parts A and C, are not necessary for circuit operation; 
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however, when they are included in the circuit, resistors 

Rl and R2 equalize the voltages developed actoss capaci- 
tors C3 and C4, respectively, and also act as a bleeder to 
discharge the capacitors when the circuit is de-energized. 

A surge resistor, Rs, is placed in series with the a-c source 
to Limit the peak current in the rectifier circuit. 

One disadvantage common. 
cuits illustrated is that neither d-c out; 
directly connected to ground or to the chassis; however, 
when a step-up or isolation transformer'is used to supply 
the input to any one of these quadrupler circuits, either out- 
put terminal may be connected to ground or to the chassis. 
Furthermore, if a transformer is used and if there is suf- 
ficient resistance in the secondary winding, the surge te- 
sistor, Rs, may be omitted. 

The operation of these quadrupler circuits can be 
readily understood from a study of equivalent electron-tube 
circuit descriptions given previously in this section of the 
handbook. The action of the seniicondi ectifiers in 
the quodrupier circuit is essentially the same as that de 
scribed for the equivalent electron-tube circuit. For these 
reasons, an explanation of circuit operation is not given 
here. 

Tn the circuit shown in part A, charging capacitors C3 
and C4 are in series across the load resistance, and each 
capacitor simultaneously receives a charge, once for each 
complete cycle of the applied voltage; as a result, the 
output ripple voltage has a frequency which is equal to the 
frequency of the o-¢ source. ih Part B, charging capacitor 


alternate half-cycies of the ie oc woluae: therefore, 
the frequency of the ripple voltage is the same as the fre 
quency of the a-c source. In part C, charging capacitors C3 
and C4 are in series across the load resistance, and the 
capacitors receive a charge on alternate half-cycles of the 
applied voltege; as a result, the output ripple voltage for 
this circuit has a frequency which is equal to twice the 
frequency of the a-c source. 

Since all three circuits described contain a ripple volt- 
age, additional filtering is required to obtain a steady d-c 
voltage. {Filter circuits are discussed in Part D of this 
section of the handbook.) 

As stated previously, the regulution of the voltage quad- 
tupler is relatively poor; the value of the output voltage 
obtained is determined largely by the resistance of the 


ioad and the resulting load current. {f the load current is 
educed accordingly. 


iatge, the output voltage is 


FAILURE ANALYSIS. 

No Output. in the a 5 
output condition is likely to be limited to one of several 
possible causes: the lack of applied a-c voltage (including 
the Rs, or a defective 
step-up or isolation transformer), a shorted load circuit {in- 
cluding filter circuit components), open charging capaci- 
tors (dependent upon circuit configuration) or defective rec- 
tifiers. 

The failure onalysis se poe s for the no-output con- 
dition, such us vuli 


bility cf on open surge 
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those given for the voltage-tripler and half-wave voltage- 
doubler circuits described previously in this section of the 
handbook. Therefore, these procedures are not repeated 
here. 

Low Output. The failure analysis procedures for the 
low-output condition consist of voltage, resistance, and 
load-current measurements; capacitor and rectifier checks; 
substitution of known good parts for suspected parts; etc. 
These procedures are essentially the same as the procedures 
given for the voltage-tripler circuit described previously, 
and ate somewhat similar to those given for the half-wave 
voltage-doubler circuit described earlier in this section of 
the handbook. 


} SUPPLY, SQUARE-WAVE OSCIL- 
LATOR TYPE. 


APPLICATION. 

The square-wave os: 
a de-to-de converter used in sectionie ¢ equipment for “ap 
plications requiring extremely high-voltage dc at a small 
load current. The output circuit can be arranged to furnish 
negative or positive high voltage to the lead, The supply 
is commonly used to provide high voltage for accelerating 
and final anodes, ultor, and other similar electrades of 
cathode-ray tubes used in indicators. 


CHARACTERISTICS. 

Uses two power transistors in a self-excited oscillator 
circuit combined with a full-wave voltage-doubler circuit. 

Typical operating frequency is between 400 and ZUUU 
cycles. 

Ourput is high-voltage de at Low current. 

Regulation is fair; may be improved by regulating the 
input d-c supply voltage. 

Rectifier circuit can be arranged to provide either posi- 
tive- or negative-polarity output voltage. 


CIRCUIT ANALYSIS. 
General, The square-wave oscillator type high-voltage 
supply includes a self-excited oscillctor which has an 
operating frequency in the range between 400 and 2000 cy- 
cles. The oscillator circuit operates most efficiently as a 
squate-wave generator with the transistors functioning as 
high-speed switching elements. THe te 


den 


action can be compared to tie switching action + 
curs with a mechanical vibrator in a nonsynchronous vibra- 
tor supply. The Sains supply (oscillator and rectifier cir- 

is frequently called a de-to-de converter, ond the 
oscilluior circuit itself js 
aquore wove Oscillator. The square e output from the 
oscillator circuit may be stepped up or down and rectified 
to tae a d-c voltage higher or lower than the input volt- 

+ The | soe described | Bee is ne in conjunction 
ghevolt~ 
age de. Bocuse of the square-wave piitput and the rela- 
See high 6 fequency of oscillation, very little filtering is 
itage from the outpu! 


attcasa 
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ilLwave rectifier circuit is 
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Circuit Operation. The accompanying circuit schematic 
illustrates a push-pull, self-excited oscillator circuit used 
in conjunction with a full-wave voltage-doubler circuit to 
obtain a high-voltage output. The discussion which follows 
{s limited to the oscillator to the oscillator circuit, since 
the operation of a typical full-wave voltage-doubler circuit 
has been described earlier in this section of the handbook. 


High-Voltage Supply, Square-Wave Oscillator Type Using 
PNP Power Transistors 


Transistors Q] and Q2 are identical PNP, alloy-junc- 
tion type, power transistors. The power transistors used 
in this common-emitter circuit configuration normally have 
the collector connected to the case or shell of the tran- 
sistor; thus, the circuit shown here permits the collectors 
to be in physical and electrical contact with a metal chas- 
sis or a grounded heat sink. Rectifiers CR] and CR2 are 
identical semiconductor diodes; although the schematic 
shows only two rectifiers in the voltage-doubler circuit, 
each graphic diode symbol represents two or more diodes in 
seties to obtain the necessary peak-inverse character- 
istics for high-voltage operation in the voltage-doubler cir- 
cuit, 

Transformer T] provides the necessary regenerative 
feedback coupling from the emitter to the base of the power 
transistors, Q] and Q2, and is also the source of high volt- 
age for the rectifier circuit. Transformer windings L2 and 
L3 are emitter windings; L) and L4 are the feedback, or 
base, windings. The load for the transistors is formed by 
windings L2 and L3 connected between the emitters and 
the voltage source. Transformer winding LS is the high- 
voltage (step-up) winding, and is the a-c source for the 
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voltage-doubler circuit. In the schematic, the dots adjac- 
ent to the transformer windings are used to indicate similar 
winding polatities. 

Resistors Rl and R2 form a voltage divider to provide 
forward-bias voltage for the base of transistor 1; in like 
manner, resistors R3 and R4 establish the bias for the base 
of transistor Q2. Separate voltage dividers are used in this 
push-pull circuit to provide an independent base-voltage 
source for each transistor and thereby increase the relia- 
bility of the circuit. In the event of failure of one transistor, 
such as an open circuit in one of the transistor junctions, 
the independent base-biasing arrangement enables the re- 
maining transistor of the oscillotor circuit to continue 
operation at reduced efficiency, and the d-c output of the 
power supply is reduced accordingly. 

Capacitors Cl and C2 are the charging capacitors of the 
voltage-doubler circuit. Since the frequency of the applied 
voltage is generally between 400 and 2000 cycles, the 
value of these capacitors is relatively small, usually be- 
tween 5600 pf ond 0.02 yf. Resistors R5, R6, and R7 in 
series form a bleeder and voltage-divider resistance for the 
output of the doubler circuit. The tap at the junction of 
teststors R5 and R6 enables a lower voltage to be supplied 
to a low-current load, such as the lower-valtage electrodes 
of a cathode-tay tube. In actual practice, resistors RS and 
R6 are made up of a number of resistors in series to obtain 
the desired value of total resistance for each portion of the 
bleeder (R5 and R6). To prevent failure, the voltage drop 
actoss each resistor must be less than the maximum ter- 
minal-voltage rating of the resistor. 

Resistor R7 is used as a shunt resistor for test meter- 
ing purposes, to permit measurement of the high-voltage 
d-c output without the requirement for a special voltmeter 
or high-voltage probe. The test points located at each end 
of R7 permit a low-resistance microammeter to be connected 
across the resistor; in this case the bleeder resistance (RS 
and R6) is used as a series multiplier for the test micro- 
ammeter. When this test circuit is employed, the high-volt- 
age output canbe calculated by using Ohm's law, once the 
bleeder current is determined by measurement and the total 
resistance of RS and R6 is known. As an alternative, an 
electronic voltmeter can be connected to the test points, 
to measure the voltage drop across R7; the output voltage 
can then be calculated by taking into account the voltage 
division provided by the bleeder resistance. In other cases, 
a predetermined (calculated) voltage drop actoss R7, when 
measured by use of a high-tesistance voltmeter, will in- 
dicate the presence of the correct value of high-voltage 
output. 

The operation of transistors functioning as high-speed 
switching elements can be understood by reference to the 
accompanying illustration for a fundamental switching cir- 
cuit. The reference designations used for the windings of 
transformer T1 in the illustration correspond to those used 
in the schematic given earlier in this discussion. 
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Waveform 


The switching action, such as occurs with a mechanical 
vibrator, is represented in the simplified schematic by 
ganged switches SW1 and $W2, mechanically linked to- 
gether so that when one switch is closed, the other switch 
is opened. When switch SWI is open (transistor Q1 cut 
off), switch SW2 is closed (transistor Q2 conducting heavi- 
ly), as shown in part A of the illustration, and heavy cur- 
rent flows in transformer winding L3. When the swi 
are reversed, os shown in part B, switch SW] is closed 
(Ql conducting heavily) and switch SW2 is open (Q2 cut 
off}; thus, heavy current flows in winding L2. The polar- 
ities of the voltages produced across the primary and 
secondary windings are as indicated in parts A and B of 
the illustration. Assuming a rapid rate of switching, the re- 
sulting output voltage developed across secondary winding 
LS is essentially a square waveform, as shown in part C. 

Bias and stabilization techniques employed for a tran- 
sistor oscillator are essentially the same os those employ- 
ed for a transistor amplifier. The grounded-collector, com- 
mor em configuration illustrated eatlier in the dis- 

gle-battery power source; as men- 
Caren previously, this d-c source produces the req. 
bias voltages through ihe ‘voltage-divider action of resistors 
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Rl and R2, and resistors R3 and R4. Since the collector 
is at negative (ground) potential and the emitter is at a 
positive potential, each pair of resistors form a voltage 
divider to place the base of the associated transistor at a 
negative potential with respect to its emitter; the required 
forward bias for the PNP transistor is thereby established. 

The square-wave oscillator can be compared to an ampli- 
fier with feedback of the proper phase and amplitude. In the 
PNP transistor schematic given earlier, feedback is ob- 
tained by transformer coupling from the emitter to the base 
in order to sustain oscillations; the feedback signal must 
be in phase with the emitter signal. If NPN transistors are 
used in the oscillator circuit, the polarity of the supply 
voltage must be opposite to that indicated in the schematic; 
however, for either type of transistor, the feedback signal 
must be in phase with the emitter signal, 

When d-c power is first applied to the circuit, the cur- 
rent which flows through each primary winding, L2 and L3, 
is initially determined by the effective resistance offered 
by transistors Ql and Q2, and their associated bias re- 
sistors Rl and R2 and resistors R3 and R4. The push-pull 
circuit appears to be balanced, since each half of the cir- 
cuit is identical to the other; however, there will always be 
minor differences in circuit resistance and within the tran- 
sistors themselves. As a result of this inherent unbalance, 
the initial current in one primary winding of transformer 
Tl does not exactly equal the initial current in the other. 
It is this unequal current flow in primary windings L2 and 
L3 which starts the oscillation in a manner which is typical 
of free-running multivibrators or relaxation Ree 

in order to compare the action 
—_ with the action of the fundamental ear ase circuit, 

ssume that more current flows through primary winding L3 
ban flows through primary winding L2 because of the cir- 
cuit unbalance mentioned previously. As emitter-current 
flow increases through winding L3, a voltage is induced in 
the feedback (or base) winding, L4. This voltage is in 
phase with the voltage produced across winding L3, The 
induced voltage across L4 effectively increases the forward 
bias, and transistor Q2 rapidly approaches saturation. As 
this regenerative process continues, core saturation is 
eventually reached; at this time no further increase in the 
emitter current through L3 can occur, and the effective in- 
ductance of the transformer windings decreases. The flux 
in the core of transformer T] during this period has changed 
‘om point O to point A on the hysteresis curve, as shown 
in the accompanying illustration. 

During the interval that transistor Q2 is approaching 
saturation, voltage is induced in winding L.1 by the result- 
ant field of L2 and L3. This induced voltage is in oppo- 
sition to the initial voltage developed when the d-c suppiy 
voltage was first applied to the circuit. As a result of the 
action occuring in the circuit associated with transistor 
Q2, the voltage across winding L1 causes the base of 
transistor Q1 to approach a condition of reverse bias. The 
emitter current of transistor ()1 decreases rapidly, and QL 
teaches cutoff because the feedback from winding Ll has 
driven the base of Ql to a condition of reverse bias. Since 
no further increase or change in current through L3 occurs, 
the base of transistor Q2 is no longer by a voitage 


trom 1.4, ond if starts to return tu ifie uu 


yan) wins 
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condition, Also, the magnetic flux developed in the core 
of TI starts ta decrease to point B on the hysteresis curve. 
Consequently, the voltage induced in L4 starts to drive the 
base of Q2 to a reverse bias condition. The emitter cur- 
rent of transistor Q2 decreases rapidly and Q2 finally 
teaches cutoff. As a result of this regenerative process, 
the magnetic flux developed in the core rapidly changes 
from point B on the hysteresis curve. At the same time, 
transistor Q1 receives o signal from L1 and its base is 
driven toward the forward bics condition. Ql conducts 
heavily, causing the flux in the core to reach point C. 
During the interval when tronsistor Ql is at saturation, no 
further change in the current through winding L2 occurs; 
thus, the base of transistor Q] is no longer driven by a 
voltage from L1, and it starts to return to the normal (for- 
ward} bias condition. Also, the magnetic flux developed 
in the core of Tl starts to decrease to point D on the 
hysteresis curve. Consequently, the voltage induced in 
L1 starts to drive the base of Q] to a reverse bias condition. 
The emitter current of transistor Ql decreases rapidly, and 
Q] finally reaches cutoff. As a result of this regenerative 
process, the flux developed in the core rapidly changes 
from point D on the hysteresis curve. At the same time, 
transistor Q2 receives a signal from winding L4, and its 
base is driven into the forward bias condition. Q2 con- 
ducts heavily, cousing the flux in the core to reach point 
A once again. At this time, transistor Q2 is at saturation 
(point A on the hysteresis curve) and transistor Ql is cut 
off; the cycle is now complete and ready to be repeated. 
The output frequency and secondary voltage are deter- 
mined by the turns ratio of the transformer windings and by 
the saturation flux of the core. The core laminations of 
transformer T1 are usually made of nickel-iron or other 
material exhibiting similar magnetic characteristics. The 
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nickel-iron material has a high permeability and a square- 
loop hysteresis curve, which is ideal for use with tran- 
sistors operating in a switching mode. The transistors, 
functioning as high-speed switches, operate alternately 
from cutoff to saturation; when this action is combined with 
the flux characteristics of the transformer core, the output 
voltage produced is essentially a square wave. This is be 
cause the core flux changes rapidly at a relatively con- 
stant rote from point B to point C and from point D to point 
A on the hysteresis curve. 

The output-voltage regulation of this high-voltage sup- 
ply is sufficient for most cathode-ray-tube circuit applica- 
tions without additional circuitry, especially if the d-c in- 
put supply voltage is requlated. The output-voltage sta- 
bility could be improved somewhat by the use of a regulator 
in the collector circuit of the transistors, but the added 
tegulator circuit would become rather complex if stability 
better than that already provided by the circuit were to be 
obtained. 

The transistorized push-pull oscillator circuit offers 
several advantages; its efficiency is relatively high, the 
physical size of the supply is small ond much of the cir- 
cuit can be encapsulated, and the grounded-collector con- 
figuration simplifies the method used to dissipate heat 
developed by the transistors. Furthermore, the circuit has 
the ability to continue to operate, but with reduced output, 
even though an open circuit develops in one of the tran- 
sistors. If a failure of this nature occurs at a time when 
continued operation is vital to the mission, sufficient out- 
put voltage will normally be available to sustain emergency 
operation until corrective maintenance can be performed. 
With such a failure, the cathode-ray-tube indicator brilliance 
is likely to decrease somewhat, and an increase in de- 
flection may be noticed. 


FAILURE ANALYSIS. 

General. The square-wave oscillator type high-voltage 
supply consists of two basic citcuits—a push-pull oscil- 
lator and a voltage doubler. It must be determined initial- 
ly whether the oscillator or the voltage-doubler portion of 
the power-supply circuit is at fault. Tests must be made 
to determine whether the oscillator is performing satis- 
factorily; if it is, the trouble is then assumed to be located 
within the associated voltage-doubler circuit. The failure 
analysis outlined in the following paragraphs is somewhat 
brief because the subject of oscillators is discussed in 
another section of this handbook; furthermore, the voltage- 
doubler circuit is described earlier in this section. Since 
the square-wave oscillator type high-voltage supply is a 
combination of two basic circuits, additional information 
concerning failure analysis for either portion of the high- 
voltage supply can be obtained by reference to the applic 
able basic circuit given elsewhere in this handbook. 

Neo Output. The d-c input voltage, Voc, should be meas- 
ured to determine whether it is present and of the correct 
value, 

The push-pull oscillator can be quickly checked to 
determine whether it is oscillating by using an oscilloscope 
to observe the emitter-to-collector waveform at each tran- 
sistor. When the push-pull oscillator is functioning nor- 
mally, the emitter-to-collector waveform is essentially a 
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square wave having a peak-to-peak amplitude which is ap- 
proximately equal to twice the value of the d-c input voltage, 
Voc 

Each biasing resistor should be disconnected and, us- 
ing an ohmmeter, the value of each resistor should be meas- 
ured to determine whether the resistor is within tolerance. 

If the values of the biasing resistors (Rl through [4) 
change appreciably, it is likely that the forward bias will 
change for the associated transistor; if the forward bias in- 
creases, such a condition may cause thermal runawcy, 
with eventual damage to the transistor(s) and failure of the 
circuit to oscillate. Thus, with one transistor conducting 
heavily or with a shorted junction within the transistor, the 
resulting current flow in the windings of transformer Tl 
will cance the effective inductance tn he decrensed: the 
cote may reach saturation, in which case the circuit will 
not oscillate because of the loading on the circuit caused 
by the defective transistor. 

Anv defect in transformer T1, such as an open hase or 
emitter winding, or shorted turns in any of the windings, 
will prevent the circuit from operating properly, since 
oscillations in each half of the circuit depend upon regen- 
erative feedback from the transformer. 

A shorted secondary circuit, reflected to the emitter and 
base windings, may cause excessive z h will pre 
vent sustained oscillations. Also, if the . high-voltage 
winding, LS, should open, the circuit will continue to oscil- 
late; however, no output will be obtained from winding L5 
for the input to the voltage-doubler circuit. 

If the oscillator circuit is found to be functioning nor- 
mally, then it must be assumed that the trouble is in the 
voltage-doubler circuit or its associated load, and a check 
of the rectifier clicuit must be made in accordance 
procedures outlined earlier in this section for the applic- 
able rectifier circuit. 

Low Output. The d-c input voltage, Voc, should t be 
measured to determine whether i 
If one cansiston should develop an open circuit in one 

of its junctions, the high-voltage output will decrease (for 

n load current), and the peak-to-neak amplitude of 
ipple voltage will increase. Because of the independ- 
ert base-biasing amangement, the remaining good tromsistor 
will continue to oscillate. Under these conditions the 
tronsformer core may not reach saturation. In this case there 
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of oscillation wil! be higher than normal under these con- 
ditions. 

If the oscillator circuit is found to be operating normal- 
ly, a defect within the voltage-doubler circuit or associated 
load must be suspected as the cause of low output. For 
example, because of the relotively high-impedance rectifier 
and filter circuits, an excessive load current can cause the 
output voltage to be low. Failure anciysis procedures for 
typical rectifier circuits used in high-voltage supplies are 
outlined earlier in this section. 


DC-TO-DC CONVERTER. 


APPLICATION. 

The de-to-de converter is typical of tannieistetlzes power 
supplies used in electronic equipineii ius apelreations te 
quiring high-voltage de at a moderate load current, The ont- 
put circuit can be crranged to furnish negative or positive 
high voltage to the load. ‘The supoly is commonly us 
provide high voltage for the operation of small rec! 
transmitters from a d-c power source. 


CHARACTERISTICS. 
Uses two power transistors in a self-cxcited 
circuit combined with a bridge rectifier circuit. 
Typical operating frequency is between 490 and 4000 
cycles. 
Output high-voltage de is normally between 250 and 
550 volts; load current is between 60 and 200 milliamperes. 
Regulation is good. 
Semiconductor diodes re used in the rectifier circuit. 
Rectifier circuit can be arranged to provide either posi- 


CIRCUIT ANALYSIS. 
General. The de-to-de converter is a special application 


istors ts convert c low d-c voltage to high- 


af power 
voltage dc. Jransistorized power supplies are frequently 
used in place of mechanical converters, such as vibiators 
and dynamotors. The circuit discussed here is typical of 


several types of de-to-de converters; the combination ofa 
push-pull osei! 


dge rectifier results in @ power 
sdpply with relatively high efficiency. 

The oscillator circuit itself operates most efficientiy as 
with the traneistars function: 


qh-sperd 


ts a form of astsble, or ‘re o 
the action can be compared te the ching ac! 
mechanical vibrator in  aon-synchronous vibrator supe 
The oscillator circuit is frequently referred to as a satur- 
sble-core squara-wave teci!intor. 

The high-voltage a-c output from the oscillator is 
rectified to provide a d-c oulpui voltage, which is filtered. 
A full-wave rectifier circuit is desirable in this type of 
power supply to reduce the filter circuit requirements; for 
reason and because or sly fod 


reason ang Seca: 


is required, the bridge rectifier circuit is commonly employ- 
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quired to obtain a d-c output voltage which is relatively 
free from ripple. 

Circuit Operation. The accompanying circuit schematic 
illustrates a push-pull, self-excited oscillator circuit used 
in conjunction with a bridge circuit to obtain high-voltage 
output. The discussion which follows is limited to the 
oscillator circuit, since the operation of a typical bridge 
rectifier circuit using semiconductor diodes has been de- 
scribed earlier in this section of the handbook. 


DC-to-DC Converter, Square-Wave Oscillator Type, 
Using PNP Power Transistors 


Transistors Ql and Q2 are identical PNP, alloy-junction 
type power transistors. The power transistors used in this 
common-emitter circuit configuration normally have the col- 
lector connected to the case or shell of the transistor; 
therefore, the circuit shown here requires that either the 
collector or the collector and its associated heat sink be 
electrically insuloted from chassis or ground. Rectifiers 
CRI, CR2, CR3, ond CR4 are identical semiconductor 
diodes; although the schematic shows only four rectifiers 
in the bridge circuit, each graphic diode symbol can re- 
present two or more diodes in series, if necessary, to ob- 
tain greater peak-inverse characteristics than can be ob- 
tained with a single diode. 

Transformer T] provides the necessary regenerative 
feedback coupling from the collector winding to the base of 
the power transistors, and is also the source of high volt- 
age for the bridge rectifier circuit. The transformer may be 
either a toroidal-core type or a conventional laminated-core 
type with bifilar primary windings. Transformer windings 
L2 and L3 are the collector windings; L1 and L4 are the 
feedback, or base, windings and have fewer turns than L2 
and L3. The load for the transistors is formed by primary 
windings L2 and L3 connected between the collectors and 
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the voltage source. Transformer winding L5 is the hign- 
voltage secondary (step-up) winding, and is the a-c source 
for the bridge circuit. In the schematic, the dots adjacent 
to the transformer windings are used to indicate similar 
winding polarities. 

Resistors Rl and R2 form a voltage divider to provide 
forward-bias voltage for the base of both transistors, Ql 
and Q2, The ratio of resistance between these two resist- 
ors is chosen in the design of the power supply to insure 
that the circuit will start to oscillate under loaded cond- 
itions; furthermore, the value of the resistors is made suf- 
ficiently high to prevent shusting an excessive amount of 
current from the transistor collector circuit, and also to 
prevent excessive power dissipation within, the resistors 
themselves. In a practical circuit, one of the resistors is 
usually made variable to permit the forward bias to be ad- 
justed to a specified voltage. If for ony reason the value 
of the resistors should change, thebias for both transistors 
will change, and the power output of the oscillator circuit 
will be affected. In extrem? cases the oscillator will stop 
oscillating, either because the transistors are approaching 
cutoff, or because the transistors are conducting heavily 
{saturated}. 

Capacitor Cl, called a buffer capacitor, is placed across 
the high-voltage secondary winding, L5. The exact value 
of this capacitor is critical, and is determined by the turns 
tatio and effective inductance of Tl, the frequency of oper- 
ation, and other similar circuit desiqn factors. The func- 
tion of the capacitor is to effectively absorb the induced 
transient surges that occur when the switching function 
takes place in the primary circuit of TL. 

A simple explanation of the operation of transistors 
functioning as high-speed switching elements was given 
previously in connection with the description of circuit 
operation for the high-voltage (CRT) supply. 

The common-emitter configuration illustrated earlier in 
this discussion utilizes a single-battery power source; as 
mentioned previously, this d-c source produces the required 
base-bias voltage through the voltage-divider action of Rl 
ond R2. Since the collectors are at a negative potential 
and the emitters are at a positive potential, the resistors 
(Rl and R2) form a voltage divider, placing the transistor 
base at a negative potential with respect to its emitter; the 
required forward bias for the PNP transistor is thereby 
established. 

The square-wave oscillator can be compared to an ampli- 
fier with feedback of the proper phase and amplitude, In 
the PNP transistor schematic given earlier, feedback is 
obtained by transformer coupling from the collector to the 
base to sustain oscillations; the feedback signal must 
undergo a phase reversal when the feedback is from the col- 
lector to the base. If NPN transistors are used in the oscil- 
lator circuit, the polarity of the supply voltage must be op- 
posite that oiven on the schematic: however, for either type 
of transistor, tra feedback signe! must be 180 dearees out 
of phase with the collector signal, (Although the circuit 
on-emitter configuration, a com- 
sanfiquration could alse be used, provided 
that the proper bias and s: i polarities are observed.) 

When d-c power is first applied to the circuit, the cur- 
tent which flows through each primary winding, L2 and L3, 
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is initially determined by the effective resistance offered 
by transistors Ql and Q2 for a given value of base-bias 
voltage. The push-pull circuit appears to be balanced, since 
each half of the push-pull circuit is identical to the other; 
however, there will always be minor differences in circuit 
resistance and within the transistors themselves. Asa 
result of this inherent unbalance, the initial current in one 
primary winding does not exactly equal the current in the 
other winding; it is this unequal current flow in primary 
windings L2 and L3 which starts the oscillation. The im- 
mediate effect is thet one transistor conducts while the 
other is cut off. 
For the purpose of this explanation, assume that more 
Current flows through winding L2 than flows through wind- 
nce in the transistors: 
thus, transistor Q} attempts to conduct more heavily than 
does transigtor QZ. As the collector-cutrent flow increases 
trough win ing L2, a voltage is induced in the ieedback 
t duced voltage in L1 is 180 


The induced you 


‘atin 
ing LO because of the 


{or bose 
Gagan out of phase with the voltage of L2, as shown by 
the dots used on the schematic to indicate winding polar- 
ities for tronsformer Tl. Thus, an out-of-phase voltage is 
applied to the base of transistor Ql, which drives the base 
more negative and causes Q] to increase conduction. While 
Q1 rapidly approaches saturation, because of the increase 
in forward bias caused by the voltage from Ll, the voltage 
induced in feedback winding L4 by the resultant field of 
L2 and L3 applies a positive signal to the base of trans- 
istor Q2; thus, the base of Q2 is driven toward a condition 
of reverse bias, transistor Q2 approaches cut off, and col- 
lector-current flow through winding L3 decreases rapidly. 
This regenerative process continues until transistor 
W1 is at saturation, transistor Q2 is cut off, the magnetic 
flux developed in the core reaches saturation, and no further 
increase in collector current occurs in primary winding L2. 
Since the current through L2 is at maximum and the effec- 
tive inductance of the windings has decreased as the core 
teached flux saturation, no further voltage is induced in 
windings L}, L3, and L4. The base of transistor Q] is no 
longer driven by « feedback signa? from L.} and thus starts 
to return to the normal (torWerd) bias caylee established 
by resistors Rl and R2. The flux in the core starts to de 
crease as the magnetic field about the core starts to col- 
lapse. This action, in turn, induces voltages in the wind- 
ings opposite io those whi. 


to “out off Ol. Also, the voltage deed in zie L4 
negative, and returns the base of Q2 to a forward-bias cond- 


As transistor 02 starts to con- 
r Lam 


1 flow 
creases and induces a voltage in feedback winding L4. As 
a result, the negative voltage induced in winding U4 is 
further increased; thus, the base of Q2 is driven still 
further ints the forward-bias eonaltion, which causes Q2 

to rapidiy approach: sutuiatior 
uration, the positive ‘yoltage induced in feedback winding 
LL is applied t to the base of tror i; thus: the base 


wh: Q2 approaches sat- 
While approaches sat 


winding L2 decreases rapidiy. 
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This regenerative process continues until transistor 
Q! is cut off, transistor Q2 is at saturation, the magnetic 
flux developed in the core again reaches saturation, and no 
further inctease in collector current occurs in primary wind- 
ing L3. Since the current through L3 is at maximum and the 
effective inductance of the windings has decreased as the 
core reached flux saturation, no further voltage is indliced 
in windings Li, L2, and L4. The base of irunsistor Q2 is 
no longer driven by a feedback signal from L4, and thus 
starts to return to the normal (forward) bias condition 
established by resistors Rl and R2. The flux in the core 
once again starts to decrease as the magnetic field about 
the core starts to collapse. This action, in turn, induces 
voltages in the windings opposite to those which previously 
existed. The base of transistor Q2 now receives a positive 
signal from winding L4, which returns the base into a re- 
verse-bics condition to cut off Q2, Also, the voltage in- 
duced in winding L1 is negative, and returns the base of 
QI to a forward-bias condition to start conduction. As 
transistor Ql starts to conduct, collector-current flow 
through primary winding L2 increases and induces a voit- 
age in feedback winding Ll. As a result, the negative © 
voltage induced in winding L1 is further increased; thus, 
the base of Ql is driven still further into the forward-bias 
condition, which causes Q] to rapidly approach saturation. 
While Ql approaches saturation, the positive voltage in- 
duced in feedbock winding L4 is applied to the base of tran~ 
sistor Q2; thus, the base of Q2 is driven toward a condition 
of reverse bias, transistor Q2 approaches cutoff, and col- 
lector-current flow through winding L3 decreases rapidly. 

This regenerative process cominues iv cuniplete the 
cycle; transistor Q2 is cut off, transistor QI is at saturation, 
the magnetic flux developed in the core again reaches sat- 
uration, and no further increase in collector current occurs 
in primary winding L2. Since the current through L2 is at 
maxinuwn and the effective inductance of the windings has 
decreased as the core reached flux soturation, no further 
voltage is induced in windings L1, £3, and L4, The base 
of transistor Q1 is no longer driven by a feedback signal 
from L1, ond thus starts to return to the normal (forward) 
bias condition. This action completes the first cycle of 
operation and another cycle is initiated as the flux in the 
core once again starts to decrease and the magnetic field 
about the core starts to collapse. 

From the discussion above it can be concluded that 
transistors Ql and Q2 function as high-speed switches, 
operating alternately from cutoff to snturation. When this 
mullet tate -type action 1s combined with the flux charac- 

etistics of the transformer core, the output voltage pro- 
duced across the high-voltage secondary winding, L5, is 
essentially a square wave. ‘The output voltage amplitude 
and oscillator frequency are determined by the turns ratio 
of the primary and secondary windings and hy the salurution 
tiux of the transformer core 


FAILURE ANALYSIS. 
Genero]. ‘ihe dc-to-dc converter consists of a ee 
sare-wave oscillator and c bridge rectifier ci 
st be determined initially whether the ° mallatos 6 or the 
ssortion: 


Aa 
de Tectilier portion 


‘Vests must be made to ceieriaitie wii dic Volto Le 


4-B-31 


ELECTRONIC CIRCUITS NAYSHIPS 
performing satisfactorily; if it is, the trouble is then as- 
sumed to be located within the bridge rectifier circuit (in- 
cluding filter circuit components). The failure gnalysis 
outlined in the following paragraphs is somewhat brief be- 
cause the subject of oscillators is discussed in another 
section of this handbook; furthermore, the bridge rectifier 
cireuit using semiconductor diodes as rectifiers is de- 
scribed earlier in this section. Since the de-to-de convert- 
er is a combination of two basic circuits, additional infor- 
mation conceming failure analysis for either portion of the 
transistorized power supply (oscillator or bridge rectifier) 
can be obtained by reference to the applicable basic circuit 
given elsewhere in this handbook. 

No Output, The d-c input voltage, Veo, should be 
measured to determine whether it is present and of the cor- 
rect value. 

The push-pull oscillator can be quickly checked to 
determine whether it is oscillating by using an oscilloscope 
to observe the collector-to-emitter waveform at each transis- 
tor. When the oscillator is functioning normally, the col- 
lector-to-emitter waveform is essentially a square wave 
having a peak-to-peak amplitude which is approximately 
equal to twice the value of the d-c input voltage, Voc. 

If the value of either or both biasing resistors, Rl and 
R2, should change appreciably, the forward bias on both 
transistors will change. If resistor Rl decreases or resist- 
or R2 increases, the forward bias on both transistors will 
decrease and cause less collector current to flow; converse 
ly, if resistor R] increases of resistor R2 decreases, the 
forward bias on both transistors will increase and cause 
additional collector current to flow. A dectease in forward 
bias causes both transistors to approach cutoff and to event- 
ually stop oscillations; on the other hand, an increase in 
forward bias causes both transistors to approach saturation 
and ‘o eventually stop oscillations. This latter condition 
{increased forward bias) may cause thermal runaway, with 
subsequent damage to the transistors themselves, There- 
fore, the forward-bias voltage must be measured to deter- 
mine whether it is correct and within tolerance for the volt- 
age specified. If not, remove the input voltage, disconnect 
one end of each resistor, and, using an ohmmeter, measure 
the value of each resistor (Rl and R2) to determine whether 
the resistors are the correct value. 

Any defect in transformer Tl, such as an open base or 
collector winding, or shorted turns in any of the windings, 
will prevent the circuit from operating properly, since oscil- 
lations in each half of the circuit depend upon regenerative 
feedback from the transformer. 

A shorted secondary circuit, reflected to the collector 
and base windings, may cause excessive losses which will 
prevent sustained oscillations. Also, if the high-voltage 
winding, L5, should open, the circuit will continue to 
oscillate; however, no output will be obtained from winding 
£5 for the input to the bridge rectifier circuit. 

A shorted junction in one of the transistors will cause 
excessive current to flow in the associated winding (L2 or 
L3) of transformer Tl. This, in turn, will cause the effective 
inductance of the transformer to decrease, the core may 
teach saturation, and, because of the loading on the circuit 
caused by the defective transistor, the circuit will not 
oscillate, 
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If the oscillator circuit is found to be functioning nor- 
mally, then it must be assumed that the trouble is in the 
bridge rectifier circuit or its associated load, and a check 
of the bridge rectifier must be made in accordance with 
the procedures outlined earlier in this section for the applic- 
able rectifier -‘reuit. 

Low Output. The d-c input voltage, Voc, should be 
measured to determine whether it is of the correct value. 

If one transistor should develop on open circuit in one 
of its junctions, the remaining good transistor will continue 
to oscillote; however, the high-voltage output will de- 
crease (for a given load current), and the peak-to-peak 
amplitude of the ripple voltage will increase. Under these 
conditions of operation the transformer core may not reach 
saturation. In this case there will be o reduction in the 
efficiency of the circuit, together with an accompanying 
decrease in the output voltage. Also the ascillater fre- 
quency will increase to two or three time the normal operat- 
ing frequency when only one transistor is operating. A 
calibrated oscilloscope can be used to observe the collect- 
or-to-emitter waveform at ecch transistor. If the oscillator 
is functioning normally, the collector-to-emitter waveform 
is essentially a square wave having a peak-to-peak ampli- 
tude which is approximately equal to twice the value of the 
d-c input voltage, Voc. Hawever, if only one transistor is 
functioning and the other transistor has an open circuit in 
one of its junctions, the collector-to-emitter waveform will 
not resemble a square wave on both halves of the cycle; 
instead, it will resemble a square wave for one half-cycle 
and a trapezoid for the other half-cycle. As mentioned pre- 
viously, the frequency of oscillation will be higher than 
normal under these conditions. 

In the common-emitter circuit configuration, a relatively 
small change in base current produces a relatively large 
change in collector current. Therefore, the forward-bias 
voltage applied to the base of the transistors is important, 
since the voltage has a direct effect upon collector current 
and upon the oscillator power output. (Refer to the failure 
analysis discussion concerning bias resistors Rl and R2 
given in a previous paragraph for the no-output condition.) 
Therefore, the forward-bias voltage should be mecsured ta 
determine whether it is correct and within tolerance. If not, 
the value of the bias resistors should be checked by use of 
the ohmmeter procedure outlined previously; if the power 
supply is equipped with a variable bias resistor, a bias 
adjustment may be required. 

If the oscillator circuit is found to be operating normally, 
a defect within the bridge rectifier circuit (including filter 
components) or the associated load circuit must be suspect- 
ed as the cause of low output. For example, an excessive 
load current can cause the output voltage to be low. Fail- 
ure analysis procedures for the bridge rectifier circuit using 
semiconductor diodes were given earlier in this section of 

sthe handbook. 


DOSIMETER CHARGER (DC-TO-DC CONVERTER). 
APPLICATION. 

The dosimeter charger is one typical application of the 
de-to-de converter circuit. The dosimeter charger is a self- 


contained, portable, battery-operated, transistorized power 
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supply which is used to generate a d-c output (charging) 
voltage at a small load current. The circuit can ve arranged 
to furnish either a negative or a positive high-voltage out- 
put. The dosimeter charger is commonly used to provide a 
high-voltage charge for radiation detectors employed for 
personnel monitoting. The d-c output voltage developed by 
the charger is transmitted, through an appropriate connec- 
tion or receptacle, to the dosimeter being charged. 


CHARACTERISTICS. 

Uses single trensistor self-excited osciliator circuit 
combined with a half-wave rectifier circuit. 

Typical operating frequency is between 400 and 2050 
*oycles. 

Output is high-voltage de at lew current. 

Requiation is poor; however, tor the application the 
fegulution is not important. 

Rectifier circuit can de arranged ts provide 


clarity ontout yvoltaqe: 


semiconductor diode. 


CIRCUIT ANALYSIS. 

General. The dosimeter charger consists ot c tickler- 
coil (Armstrong) audio-frequency oscillator operating in 
conjunction with a rectifier to convert a low d-c voltage to 
a high dec voltage. The oscillator described nere operates 
in the range between 400 and 2000 cycles as a sine-wave 
generator, although with slight modification the circuit 
can operate as a blocking oscillator to produce a square- 
wave. The high-voltage a-c output from the oscillator is 
rectified to provide o d-c output voltage which is then 
iltered to remove ripple, and applied to the electroscope 
essembly of the dosimeter (or radiceme'er}. 

A brief desctiption of a small, direct-read 
dosimeter, used to measure X and gamma radiation, is in 
order at this time so that the application of the charger may 
be better understood. 

The pocket dosimeter is one of several radiation moni- 


toring instruments utilizing the ability of radiation to pro- 
e dosimeter is Soa 
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the greater the deflection. The dosimeter is charged prior 
to use by looking into the eyepiece and adjusting the volt- 
age output of the charger until the quartz fiber indicates 
70! on the internal calibrated scale of the optical system. 

As radiation passes through the dosimeter, the gas 
within the chamber ionizes. The ionized gas is capable of 
electrical conduction, and thus partially neutralizes the 
charge existing on the quartz fiber. As a result, the fiber 
moves toward the support wire a distance equivalent to the 
amount of radiation received. The amount of total radiation 
exposure can be read directly from the calibrated scale by 
viewing it through the eyepiece. 

Circuit Operation, The accompanying circuit schematic 
illustrates a self-excited, tickler-coil (Armstrong) audio- 
f atar ase in caniunetinn with a half-wave 
rectifier circuit. The discussion which follows is limited 
io abrief discussion of the oscillator circuit, since the 
operation of the Single Phase Half-Wave Rectifier Circuit 


1a semiconductor diode has been described earlier in 
this section (Section 4, Part B) of the handbook. 

Transistor Q] is a PNP transistor, either a point- 
contact or a diffused-junction type, used in a common-emit- 
ter circuit configuration. Since the power output required of 
the charger is extremely smail, the transistor need not be a 
power transistor as was the case in other De-to-De Con- 
verter Circuits described previously in this section. Recti- 
fier CR] is a semiconductor diode used in a conventional 
half-wave rectifier circuit. Because the d-c output voltage 
is usually limited to approximately 400 volts, de, a single 
rectifier having the necessary peak-inverse voltage char- 
acteristics is normally employed. 


DOSIMETER 
CHARGING 
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ary (step-up) winding. In the schematic, the dots adjacent 
to the transformer windings are used to indicate similar 
winding polarities. 

Potentiometer Rl is used as a voltage divider to provide 
forward bias for the base of the transistor. Once Rl has 
been set to establish forward bias for proper operation of 
the transistor, it normally does not require further readjust- 
ment unless the transistor is replaced or a change in tran- 
sistor characteristics occurs. 

Capacitor Cl is an audio bypass capacitor provided to 
teturn the end of feedback winding L2 to the emitter of 
transistor Ql. Capacitor C2 is the filter capacitor of the 
half-wave rectifier circuit. “Since the frequency of the 
oscillator is relatively high (400 to 2000 cycles), the value 
of capacitor C2 need not be very large (usually 0.01 to 
0.02 sf) in order to effectively remove any trace of ripple 
voltage; furthermore, since the load is an extremely high 
impedance and the load current is small, the capacitor 
charges to the peak value of the applied ac. 

Potentiometer R2 and resistor R3 form a voltage divider 
across the output of the rectifier circuit. The value of R2 
is usually several times greater than the value of R3, and 
the total series resistance is usually 15 to 20 megohms; 
thus, the voltage available at the output terminals of the 
supply can be varied between approximately 125 and 425 
volts, dc. Potentiometer R2 is controlled by a front panel 
knob, and permits the d-c output voltage of the charger, 
which is applied to the dosimeter electroscope assembly, 
to be adjusted and thus calibrate the instrument prior to 
use. 

The common-emitter configuration illustrated earlier 
in this discussion utilizes a single-battery power source; 
as mentioned previously, this d-c source produces the re- 
quired base-bias voltage through the voltage-divider action 
of potentiometer Rl. Since the collector of Ql is ata 
negative potential and the emitter is at a positive potential, 
the base is effectively placed at a negative potential with 
respect to its emitter; thus, forward bias is established for 
the PNP transistor. 

The oscillator circuit can be compared to on amplifier 
with feedback of the proper phase and amplitude. The 
oscillator may be operated Class A if a linear waveform is 
required, or Class C if the output waveform is not very 
important. In the PNP transistor schematic given earlier, 
feedback is obtained by transformer coupling from the col- 
lector to the base in order to sustain oscillations. If an 
NPN transistor is used in the circuit, the polarity of the 
supply voltage must be opposite to that shown on the sche- 
matic; however, for either type of transistor, the feedback 
signal must be 180 degrees out of phase with the collector 
signal. Although the transistor can also be arranged in a 
common-base or a common-collector circuit, the common- 
emitter circuit is most commonly used because greatest 
gain is achieved with this configuration. The oscillator 
circuit shown in the schematic is essentially a transformer- 
coupled, feedback oscillator; its operation is similar to 
that of the common-emitter circuit described for the Tickler 
Coil (Armstrong) Oscillator Circuit in Section 7, OSCIL- 
LATOR CIRCUITS in this Handbook. Although the circuits 
desctibed in Section 7 are L-C oscillators, the operation 
of the audio-frequency oscillator discussed here is essen- 
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tially the same; the frequency of oscillation is determined 
primarily by the inductance of collector winding L1, stray 
circuit capacitance, and the collector-to-emitter capacitance 
of the transistor itself. When voltage is iirst applied to 
the oscillator, the initial rush of current through L; and 
Le induces a feedback voltage in the windings. The feed- 
back is regenerative and causes emitter and collector cur- 
rent to increase rapidly until the collector is saturated and 
no further change of current occurs. At this time the mag- 
netic field around the windings of T: collapses, and causes 
a reversed feedback voltage. This feedback is now in a 
direction which causes a reduction of collector and emit- 
ter current. Thus the collector is quickly driven to cutoff, 
and once again the collapsing magnetic field (at cutoff) 
causes a reversal of current flow through the induced feed- 
back voltage. As the current through L, alternately flows 
back and forth at the oscillation period, it induces a similar 
but higher alternating voltage in winding L3, the high-volt- 
age winding. 

The voltage produced across the high-voltage second- 
ary winding, L3, may be either a sine wave or essentially 
a square wave, depending upon the class of transistor opera- 
tion. This voltage is rectified by semiconductor diode CRI, 
is filtered by capacitor C2, and is applied across R2 and 
R3, A d-c output voltage which is determined by the set- 
ting of potentiometer R2 is applied to the dosimeter charg 
ing contact for calibration of the radiation monitoring 
instrument. 


FAILURE ANALYSIS. 

General. The dosimeter charger is a self-contained, 
battery-operated power supply. The unit is usually very 
small and operates from a self-contained, 1.5-volt-battery 
power source. It must be determined initially whether the 
battery, the oscillator, or the rectifier portion of the power 
supply is at fault. Since the most common failure for a 
battery-powered device is the battery itself, a quick check 
can be made by substituting a known good battery in the 
power supply and checking the operation once again to 
determine whether the battery is at fault. If the operation 
is not satisfactory after battery substitution, tests must 
then be made to determine whether the oscillator or the 
rectifier circuit is at fault. 

As stated before, the dosimeter charger is a combina- 
tion of two basic circuits, an oscillator and a half-wave 
rectifier using a semiconductor diode. Therefore, the fail- 
ure analysis outlined in the following paragraphs is some- 
what brief since oscillators are completely discussed in 
Section 7 of this handbook, and the Half-Wave Semiconduct- 
or Diode Rectifier is discussed earlier in this section of 
the handbook. 

No Output. The battery power source (Voc) should be 
measured to determine whether it is present and of the cor- 
rect value, 

The oscillator can be quickly checked to determine 
whether or not it is oscillating by using an oscilloscope to 
observe the collector-to-emitter waveform. 

Tf potentiometer Rl should change value (or is misad- 
justed), the forward bias will change accordingly. If the 
forward bias decreases the collector current also decreases, 
and, conversely, if the forward bias increases the collect- 
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or current increases. At either extreme of these two condi- 
tions, oscillations will cease. 

Any defect in transformer Tl, such as an open feedback 
or collector winding, or shorted turns in any of the windings, 
will prevent the circuit from oscillating. A shorted second- 


ary circu, reflected to the collector and feedback wind- 


ings, 


vent sustained oscillations. i the ne high-voltage widaeligs 
L3, should open, the circuit will oscillate; howeve., no out- 
put will be obtained from winding L3 for the rectifier cir- 
cuit. 

A shorted junction o: un open jun 
Q), will couse the circuit tc step oscillating, 

a the oscillator circuit is found to be functioning nor- 
then yt om 
associated rectifier circuit. 

Low Output, The battery power source (Vcc) 

iene 


Measured to determine whether it is presen’ 


transistor, 


he magimad thot the traunie rsa in tne 


rect vulue. 


Grelatively small 
change in base current produces a relatively large change 
in collector current. Therefore, the value of the forward- 
bias voltage applied to the base of the transistor is rather 
critical, since the bias voltage has a direct effect upon 
collector current and thus upon the oscillator power output. 
While reduced output can result from a loss of gain in the 
transistor, this condition is not very common; therefore, it 
is more logical to measure the supply and bias voltages be- 
fore deciding to replace the transistor. 


A ohongavin: (Heresiot an canatlais: Getennlonerer in, 


an open or short in a portion of potentiometer Rl, or leak- 
age in bypass capacitor C1 will affect the output, since 
any of these conaitions wiil cause a change in bias; how- 
ever, a change in bias is easily detected by measuring the 
operating bias with a high-resistance voltmeter, or prefer- 
ably an electronic voltmeter. For example, if the positive 
end of R} should open, the bese of Qi is returned to -Vee 
through the remaining portion of Rl; in this case, since 
the base remains in a forward-bias condition, the circuit 
wili continue to oscillate. However, the oscillator output 
will no longer remain a sine wave, and the oscilictor may 
start to pulse in a manner similar to that of a blocking os- 
cillator. On the other hand, if the negative end of Ri 
should open, the base of Q1 is returned to +Vcc, and os- 
cillations will cease. Either of these two conditions can 
be detected by a measurement o: the bias eee 
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Semiconductor Diode Circuit are given earlier in this 


section of the handbook. 
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PART C. ELECTROMECHANICAL CIRCUITS 


ROTATING ELECTROMECHANICAL SYSTEMS. 

General. The primary electrical power source in many 
small boats and aircraft is a 12- or 24-volt storage bat- 
tery; the battery is kept in a charged condition by means of 
Gn engine-driven generator. The battery supplies the volt- 
age for the engine ignition system, navigation lights, and 
other electrical loads. When communications or similar 
electronic equipment is a part of the electrical load, an 
electromechanical-type power supply is frequently employed 
to supply high voltage for operation of the electronic equip- 
ment. In such cases, a rotating electromechanical device 
called a dynomotor is used to obtain high-voltage de for 
operation of the electronic equipment, although a transis- 
torized de-to-de converter or a vibrator-type power supply 
could also be used for the same purpose. 

In some instances where the primary electrical power 
source is ac, an electromechanical device called a rotary 
converter is used to convert ac to dc. By definition, a 
rotary converter is a machine that changes electrical energy 
of one form to electrical energy of another form. A rotary 
converter can convert alternating current to direct current, 
or it can convert direct current to alternating current. It 
can also be used to change frequency and phase. In the 
normal sense, the rotary converter is a machine used to 
convert ac to de; when it is used to convert dc to ac it is 
called an inverter, and is occasionally referred to as an 
inverted converter. When ac is available as the primary 
electrical power source, it is usually more efficient to use 
a power transformer and rectifier combination to obtain high- 
voltage de than to use a rotary converter; for this reason, 
the application of rotary converters is limited. However, 
the rotary converter in another more common form, that of 
an inverter, is frequently used to convert de to ac. 

In naval aircraft, a source of alternating current is fre- 
quently required to power some of the instruments, elect- 
ronic equipment, fluorescent lighting, ete. If the aircraft 
does not have an engine-driven a-c primary power source 
(single-phase or polyphase), it is necessary to provide a 
means of changing the primary d-c source to ac for use by 
the electrical load. In this application on inverter (one 
form of rotary converter) is used to change the de to ac; 
the output of the inverter may be either single- or three- 
phase ac at a frequency which is normally 400 or 800 
cycles. 

From the brief discussion above, it can be seen that 
the dynamotor, rotary converter, and inverter are merely 
specialized combinations of motors and generators (or alter- 
nators). The detailed theory of operation and the consiruct- 
ion of a-c and d-c motors, generators, and alternators are 
covered in Navy publications on basic electricity, and, 
therefore, will not be treated in this handbook. Only the 
basic principles will be discussed in this section of the 
handbook, as required, to provide a better understanding of 
the application and the failure analysis of the electro- 
mechanical devices discussed. 
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DYNAMOTOR. 


APPLICATION. 

A dynamotor performs the dua! functions of motor and 
generator to change the relatively low voltage of a d-c 
power source into a much higher value for use in electronic 
equipments which employ electron tubes. The dynamoter 
may be contained within the electronic equipment, or it may 
be a separate unit external to the equipment. The dyna- 
motor is frequently used in aircraft, small~craft, ond port- 
able-equipment applications where the primary source of 
power is de. 


CHARACTERISTICS. ; 

Input to dynamotor is dc; output is de for ac). 

D-C output requires filtering to remove commutation 
ripple. 

Requires filtering of input and output leads, and shield- 
ing of complete assembly to eliminate radiated interference. 

A rotating machine; field poles are common to both 
motor and generator windings. 

Has fair regulation characteristics. 

Efficiency as high as 45 percent can be obtained. 


CIRCUIT ANALYSIS, 

General. The dynamotor is a rotating electromechanical 
device used to change one value of d-c voltage to a different 
value of d-c voltage. By definition, a dynamotor is a com- 
bination electric motor and generator having two (or more) 
separate rotor windings and a common set of Held poles; 
one winding receives direct current from a primary power 
source and operates as a motor to produce rotation of the 
armature assembly, while the remaining winding(s) operates 
as a generator to produce a d-c output voltage. 

Circult Operation. A simplified schematic for a typical 
dynamotor is shown in part A of the accompanying illus- 
tration, and a functional diagram is shown in part B of the 
illustration. 

Capacitor Cl is an input filter capacitor provided to re- 
move variations in the input d-c voltage, caused by sparking 
of the brushes at the motor commutator; the capacitor also 
teduces interference which can be radiated to other equip- 
ments connected to the same power source. Capacitor C2, 
t-f choke RFC, and capacitor C3 form a filter network at 
the output of the dynamotor to remove the effects of spark- 
ing at the generator commutator. Depending upon the de- 
sign of the dynamotor, inductance- capacitance filters may 
be installed at both the input and the output to prevent un- 
desirable voltage transients (hash), caused by commutation, 
from being radiated or coupled through the input and output 
ieads to other electronic equipments. Also, in many dyna- 
motor output circuits, because the generator commutation 
tipple frequency is relatively high, an iron-core choke and 
@ capacitor (4 xf or larger) are used to filter the d-c output 
and remove the ripple-voltage component. 

The single, rotating armature assembly carries both the 
motot winding and the generator winding. Each winding 
terminates in c separate commutator; the commutators are 
usuaily located at opposite ends of the armature assembly 
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Simplified Schematic and Functional Diagram of Typical 
Dynamotor 


the motor and generator windings are both on the same rotor 
assembly, the field is common to both the motor and the 
generator. Because the field winding is connected in paral- 
lel with the motor winding, the motor is called a shunt-con- 
nected, OF shunt-wound, motor. One of the desirable char- 
acteristics of this type of motor is that the speed of arma- 
ture rotation remains relatively constant, regardless of the 
changes in load placed upon the motor; as a result, the out- 
put voltage is also held relatively constant. 

When a d-c voltage is applied to the low-voltage motor 
commutator (input terminals) of the dynamotor, current flows 
in the motor winding of the armature. At the same time, the 
applied voltage appears across the field coils ond a cur- 
rent flows in them to produce a strong magnetic field. The 
flux produced by the field reacts with the flux produced by 
the motor winding; this results in torque, which causes the 
armature assembly to rotate. Because the generator wind- 
ing is wound on the same assembly, it also rotates in the 
same magnetic field produced by the fieldcoils. Therefore, 
since the generator winding cuts the magnetic field as it 
totates, this action induces a voltage in the generator wind- 
ing. The d-c output voltage is taken from the generator 
commutator of the dynamotor, is filtered if necessary, and 
is applied to the load. 

Since the motor and generator share a common magnetic 
field, the relationship of input voltage to output voltage 
depends on the ratio of the number of turns in the motor 
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winding to the number of turns in the generator winding. 
For example, if the number of turns in the generator wind- 
ing is increased (with respect to a given motor winding), 
the output voltage will increase accordingly; whereas, if 
the number of turns in the generator winding is decreased, 
the output voltage will decrease. In like manner, changing 
the number of turns in the motor winding (for a given genef- 
ator winding) will affect the output voltage and also the 
speed of armature rotation. Changing the strength of the 
magnetic field will not appreciably affect the voltage ratio 
of the dynamotor. If the field strength is increased, the 
armature is slowed down, but the induced voltage in the 
generator winding remains unchanged; on the other hand, if 
the field strength is decreased, the armature speed increases, 
but the induced voltage remains the same. This is true be- 
cause the field strength and the speed of rotation are in- 
versely proportional to each other. For example, when the 
magnetic flux is increased in the field, the armature speed 
decreases and the generator winding cuts more lines of 
flux at a lower speed; conversely, when the magnetic flux 
is decreased, the armature speed increases and the gener- 
ator winding cuts fewer lines of flux at a higher speed. In 
either case, the induced voltage in the generator winding 
temains essentially the same. 

The inverse relationship between armature speed and 
field strength is a basic principle of d-c motors, and exists 
because of the counter emf which is generated by the arma- 
ture cutting flux as it rotates through the magnetic field. 
The current induced by the counter emf flows in a direction 
opposite to that of the applied current. If the field strenath 
of a motor is reduced, the value of the counter emf, which 
is dependent upon the strength of the field flux, is also re- 
duced. A drop in counter emf allows a greater current to 
flow in the armature and this causes the motor speed to in- 
crease. The speed increases because the effect of the in- 
ctease in armature current far exceeds that of the decrease 
in fleld flux. When the field strength is increased, the re- 
verse action takes place. The increase in field current, 
and thus field strength, causes the counter emf to increase. 
This action decreases the applied current and thus reduces 
the motor speed. 

One disadvantage of the dynamotor is that the output 
voltage cannot be adjusted to different values without 
changing the input to the motor and field windings. For 
this reason, the dynamotor must be designed for a given 
output voltage and load current. 

Dynamotors operating from a d-c source commonly have 
an input voltage rating of 6, 12, or 24 volts, and, depend- 
ing upon the design and output requirements, can deliver 
1200 volts or more to the load. A dynamotor is not neces+ 
sarily restricted to only one generator winding—more than 
one winding is sometimes placed on the armature to provide 
for additional outputs, as required. For example, a low- 
voltage winding for the operation of electron-tube filaments 
may be incorporated in the armature assembly. In this case 
@ separate commutator for d-c output (or separate slip rings 
for a-c output) and associated brushes are required for con- 
nection to the low-voltage winding. 

One variation of this motor has, in addition to the shunt- 
connected field coils, another set of field coils connected 
in series with the motor winding. See the accompanying 
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Diagram of Compound Motor 


ne This type of motor is called a 
compound, or stabilized shunt motor; the flux components 
developed in the shunt and series field coils are combined 
within the dynamotor to produce a strong magnetic field. 
Still another variation in design utilizes a permanent mag- 
net to furnish the magnetic field; this variation is satis- 
factory for many applications, and is somewhat more ef- 
ficient than an equivalent dynamotor with field coils, be- 
cause less input current is required for operation. 


mpensated, 


FAILURE ANALYSIS. 
General. Dynamotors are built to high standards and 
ate characterized by long life and relatively trouble-free 
operation. If norma! preventive maintenance is carried out 
at regular intervals as recommended by the equipment main- 
tenance handbook, few failures will result. However, 
many dynamotors are subject to operation under conditions 
which are less than ideal, and, as a result, failures do occur. 
The dynamotor can best be thought of as two separate 
machines combined in a single frame and sharing a common 
magnetic field. The relationship between motor and gener- 
ator is purely mechanical. There is no electrical connec- 
tion between the motor and generator windings. Since the 
currents in the two windings flow in opposite directions, 
their resultant magnetic effect is zero, which effectively 
isolates one winding from the other. In failure aalysis 
procedures for the dynametor, the twe w! 
} 


2 at 


parately . 
ventional d-c motor, and the output circ: 
conventional d-c generator. 

In testing the dynamotor, the procedures are the same 
as those given in Navy publications for similar d-c machin- 
ety (d-c motors and generators). It must be fi establish- 
ed whether the trouble is of an electrical or a mechanical 
nature, or both; therefore, several of the more common dyna- 
motor troubles are given in the paragraphs which follow, to 
help the technician recognize typical failures. 

Ns Qutgut. [f the dynamotor fails to start, th 
cuit and fuse should be checked to make certain that the 
applied input voltage is present and of the correct value. 
If necessary, the cssociated p: y power source control 


input cir 


functioning normaily. Aiso, a iow appiiea input voltage or 
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an open field circuit can prevent the motor from starting. 

If the dynamotor is operating but there is no output, the 
load should be disconnected and checks made to determine 
whether the load is shorted; after the load is disconnected, 
a voltage measurement can be made at the output terminals 
of the dynamotor to determine whether voltage is present. 
As a further check, a voltage measurement can be made at 
the high-voltage brush terminals to determine whether volt- 
age is present at the output of the generator winding. If 
filter capacitor C2 or C3 should become shorted, there will 
be no output from the dynamotor; if capacitor C3 should be- 
come shorted, it is likely to result in the opening of the 
filter choke, RFC. If voltage is found to be present at the 
high-voltage brush terminals, the filter circuit used to re- 
innle voltage from the dec antpnt shanld he 
checked for a shorted capacitor or an open filter choke in 
a manner similar to the procedures used for any other type 
of d-c power supply. 


move the 


nected to the input of the dynamotor, using relatively short 
and heavy leads. Since a low applied voltoge can cause a 

low output condition, the input to the dynamotor should be 

measured to determine whether the voltage is of the correct 
value. 

A low-output condition can be the result of one or a 
combination of causes, and may be accompanied by a temper- 
ature rise or mechanical noise, or both. Opens or shorts in 
the armature windings, excessive sparking at either com- 
mutator, poor commutation because of the presence of dirt 
or oil, worn brushes, and brushes improperly seated are all 
typical troubles which contribute to a low-output condition. 

If the load current is excessive, the output voltage may 
be below normal; therefore, the load current should be 
checked to determine whether it is within tolerance. As 
mentioned previously, this condition is likely to be ac- 
companied by a temperature rise in the machine and by 
sparking at the commutator. A leaky bypass capacitor (C2 
or C3) or a leaky filter circuit capacitor, used to remove the 
tippie voltage from the d-c output, may cause additional 
load and drop the output voltage accordingly. 

Mechanical Noise. Excessive mechanical noise in a 
dynamotor is another of impending trouble. Al- 
though the dynamotor itself (or the unit in which the dyna- 
motor is located) is usually mounted on some form of shock- 
chanical vibration and noise 


anical noises can still be heard, identified, and traced te 
source. High mica, an out-of-round or eccentric com- 
mutator, high or low utater segments, and worn bear- 
ings are all typical causes of abnormal operating noise. 


seating properly, develop a characteristic high-frequency 
whine, while worn or dirty bearings genetally cause a low- 
frequency (or grinding) sound. Bearing failure is frequently 
the result of wear caused by lack of proper lubrication; 
badly worn bearings may allow the rotating armature as- 
sembly to strike the field poles and create additional noise. 
Commutotor Sparking. Excessive sparking at the commu- 
tator is gener ication of brush or commutator 
trouble. 
excessive load Culfent; tnereiore, tie wud curtent snuuid ve 


giso be an in: 


atso be an cation of 
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measuted to determine whether it is excessive. As mentioned 
previously, this condition will likely be accompanied by a 
tise in the temperature of the dynamotor. 

Worn brushes, lack of brush pressure, and brushes not 
seating properly are common causes of brush sparking; open 
coils in the armature assembly will also cause brush spark- 
ing. Typical commutator troubles are high or low segments, 
an out-of-round or eccentric commutator surface, and a high 
mica condition. The high-mica condition occurs when the 
commutator segments have worn down below the insulating 
mica separator strips between the copper segments. If any 
one of the three commutator conditions mentioned is found 
to exist in the dynamotor, the machine will require disas- 
semby and repair (by the electrical shop), since it will be 
necessary to tum down the commutator in a lathe and then 
undercut the mica to a level which is below the surface of 
the commutator segments. 

Temperature Rise. An excessive temperature rise is one 
of the first indications of trouble. Dynamotors are desiqned 
for either continuous or intermittent duty, and are rated 
accordingly. Occasionally, a dynamotor which is rated for 
intermittent duty is run continuously; in this case the dyna- 
motor is not being operated in accordance with its design 
tating, and a temperature rise may be expected. 

An overlocd condition is a common cause for overheat- 
ing; therefore, the load current should be checked to deter- 
mine whether it is excessive. Poor ventilation resulting 
from restricted cooling vents or clogged intemal air pas- 
sages Can cause a temperature rise because of the lack of 
adequate cooling-air circulation. Shorts in the commutator 
segments, shorted turns in the armature or field windings 
themselves, or winding shorts to metal parts of the armature 
or frame are all typical causes of dynamotor heating. Also, 
worn brushes or high mica on the commutator, or both, can 
contribute to an abnormal temperature rise. In any event, 
excessive heating of a dynamotor should always be con- 
sidered an effect rather than ¢ cause of trouble. 


INVERTER. 


APPLICATION. 

An inverter is one form of rotary converter, and is used 
to change the relatively low voltage of a d-c power source 
to ac for use by the electricai load. Depending upon the 
design of the inverter, the output can be either single-phase 
ot polyphase (multiphase) ac; the frequency of the output 
voltage is generally 60, 400, or 800 cycles. The inverter is 
frequently used in aircraft, shipboard, and small-craft ap- 
plications where the primary source of power is dc. 


CHARACTERISTICS. 

Input to inverter is dc; output is ac. 

Requires filtering of input leads to eliminate possible 
interference resulting from commutation. 

A totating machine; commonly uses two sets of rotors 
and stators, one set (rotor and stator) functioning as 4 motor 
and the other as a generator. 

A-C output commonly obtained by either of two methods: 
@ stationary field with output taken from a rotating armature, 
using slip rings and brushes, or a rotating field (rotor) with 


ORIGINAL 


900,000,102 POWER SUPPLIES 
output taken from one or more Stationary armature (stator) 
windings. 

Frequency of output controlled by speed of rotation. 

Has fair reguiction characteristics; output varies with 
d-c input. 

Moximum efficiency obtained when power factor of load 
is near unity. 


CIRCUIT ANALYSIS. 

General. The inverter is a rotating electromechanical 
device for converting direct current into alternating current. 
The inverter is a combination electric motor and alternator; 
the motor is the prime mover which produces the necessary 
rotation of an armature, field, or rotor assembly. By defi- 
nition, the winding in which the output voltage is generated 
is called an armature winding, and the winding through which 
de is passed to produce an electromagnetic field is called 
the field winding. 

Inverters fall into three yeneral classes, depending upon 
the a-c generator design. These classes are called the 
rotating-OF revolving-ormature, the rotating-Or revolving- 
field, and the inductor-type alternator. 

In the rotating- or revolving-armature a-c generator, the 
stator provides a stationary electromagnetic field. The 
fotor, acting as the armature, revolves in the magnetic field, 
cutting the lines of force, and produces the desired output 
voltage. The armature a-c output is taken through slip rings 
and brushes. One limitation of this type of generator is 
that the output is taken through sliding contacts (slip rings 
and brushes); therefore, this type of machine is usually 
limited to low-power, low-voltage applications. 

The rotating- or revolving-field a-c generator is most 
widely used. In this type of machine, current from a d-c 
source is passed through slip tings and brushes to field 
coils wound on a rotor. Thus, a magnetic field is produced 
in the rotor of fixed polarity, and, since the rotor is driven 
by the motor, a rotating magnetic field is created. The ro- 
tating magnetic field extends outward and cuts the stationary 
armature (stator) windings; as the rotor turns, ac is produced 
in the stationary windings. The output is taken from the 
stationary windings, either single-phase or polyphase, 
through the output terminals to the load without the need for 
slip rings and brushes. 

In the inductor-type altemator, a field (exciter) winding 
and an armature winding are both contained within the same 
stator frame. The rotor, including its pole pieces, is made 
of soft-iron laminations. DC is supplied to the field (exciter) 
winding, thus establishing a magnetic field in the stator. As 
the rotor revolves, the poles of the rotor become aligned 
with the poles of the stator, and maximum flux density is 
produced. As the poles move out of alignment, the flux de- 
creases. The sinusoidai increase and decrease in magnetic 
flux in the rotor and stator as the rotor rotates induces an 
alternating voltage in the stationary armature windings. 

The a-c output is taken from the stationary armature windings 
without the need for slip rings and brushes. This type of 
machine is frequently used to generate single-phase, high- 
frequency ac. 
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The frequency of the a-c generator voltage depends upon 
the speed of rotation of the rotor and the number of pairs of 
poles in the machine. That is: 


-P 
Fee 


where P is the number of pairs of poles, and rpm is the 
revolutions of the rotor per minute. The following examples 
are provided to illustrate the use of the formula in solving 
for rpm, F, and P. 

Altetnators are generally designed with a multipole rotor 
and a multipole stator; however, for sim simplicity the first 
example will consider a fh niy a two- 
pole rotor and a two-pole stator. In machine one com- 
plete cycle of a-c voltage will be induced in the armature 
winding for each complete revolution of the rotor as it 
passes under the two (north and south} pores 
When tne rotor of this simple machine rotates at a rete of 
3600 rpm, the frequency (in cps) of the a-c output voltage 
is easily found by using the basic formula, Thus: 


f= Px pm 
ct) 


- ix 00 
& 


= OO cps 


If six poles are provides on the rotor and on the stator of 

an a-c generator, then during each revolution each pair of 
rotor poles passes under three pairs of stator poles, and 

thus generates three complete cycles of a-c output. Since 
there are three pairs of poles provided on the rotor, it toliows 
that three times as many cycles will be generated during 

one rotor revolution as will be for a single pair, or a total 

of nine cycles. Assuming again that the output frequency 

is 60 cps, the required rpm: of the rotor may be found by 
transposing the basic formula to solve for rpm. Thus: 


= 1200 pr 


This example clearly illustrates the inverse relationship 
ng between the sveed of rotor rotation and the number 
of pairs of poles of the alternator, For tne same output 
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required rom of the rotor was decreased by one third, that is, 
from 3600 to 1200 rpm. 

When the speed of rotor rotation and the output frequency 
of the alternator are known, the number of pole pairs is 
easily found. For example, if F = 400 cps and the rotor 
rotation is 3000 rpm, then the number of pairs of poles is 

aA nn fal 
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When the load on a generator is changed, the terminal 
voltage varies with load. The amount of variation depends 
on the design of the generator and the power factor of the 
load. Unless the load is fixed and constant, some form of 
voltage regulation is necessary to maintain the output volt- 
age relatively constant under conditions of varying load. 

In practice, once a machine is designed and built, the output 
voltage is controlled by varying the d-c excitation voltage 
applied to the field winding. When an a-c yenerator is 
ppraguictony the fequlatanivess the ac 
output voltage which is to be regulated as o sensing voltage 
to control the amount of current used to excite the field. 

The operation of a typical regulation system can be 
briefly explained as follows: a drop in output voltage sensed 
by the regulotor causes the regulator to increase the field 
current, and an increase in field current causes a correspond- 
ing increase in output voltage to compensate for the original 
toe in output voltage. Stated conversely, if the output volt- 
age should rise, the regulator decreases the field current, 
causing a corresponding decrease in output voltage to com- 
pensate for the original rise in voltage. Thus, the regulator 
senses a change in output voltage and compensates tor this 
change by altering the field (exciting) curtent accordingly. 

A detailed description of the construction and operation of 
various voltaye requlators can be found in Navy publications 


so ering basic electricity, or in co: 
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frequency of either 400 or 800 cycies to a constant and 
relatively light load. 

The inverter consists of a d-c motor and a permanent- 
magnet-type a-c yenerator assembly combined within a single 
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Simple Inverter with Permanent-Magnet Rotor; Single-Phase 
Ovtpet 


windings. The motor armature rotates within the stationary 
field, and the commutator rotates between a pair of spring- 
loaded brushes. The motor brushes are mounted in holders 
that are placed on opposite sides of the motor housing; the 
construction is such that the brushes may be easily removed 
for inspection and replacement. 

The a-c generator portion of the inverter consists of a 
stationary armature and a rotating permanent-magnet field. 
The permanent-magnet rotor is mounted on the same shaft 
as the motor armature and commutator. The rotating magnetic 
field is produced by a six-pole, permanent-magnet rotor, 
with alternate poles around the circumference magnetized 
alike. The stationary armature (stator) is a six-pole, six- 
slot, laminated stator with the single-phase output winding 
mounted in the slots of the stator. A magnetic field exists 
about the poles of the permanent-magnet rotor, and as the 
rotor revolves the poles of the rotor align with the poles of 
the stator to produce maximum flux density in the stator. As 
the poles move out of alignment, the flux decreases in the 
stator to a minimum, and the flux polarity reverses as the 
Totor poles move into alignment with the stator once ayain, 
The sinusoidal changing of flux polarity as the rotor poles 
move past the stator poles induces an altemating current 
in the armature windings located in the slots of the stator. 
The a-c output is taken from the stationary armature wind- 
ings, without the need for slip rings and brushes. Since 
this inverter is designed for use with a constant load, no 
provision is made for either voltage or speed regulation. 

The permanent-maqnet-type inverter can also be made to 
furnish three-phase output. The three-phase Inverter, shown 
in the accompanying schematic, is essentially the same 
size and weight as the single-phase inverter described 
above. 
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Simple Inverter with Permanent-Magnet Rotor; Three-Phase 
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The d-c motor is essentially the same as that described 
for the single-phase machine. Also, the six-pole, permanent- 
magnet rotor of the generator is placed on the same shaft 
and rotates with the motor armature, as described for the 
single-phase machine. The three-phase stationary armature 
consists of a nine-pole laminated stator. In this generator 
nine separate coils are wound in the stator slots; each set 
of three coils, located 120 degrees apart on the stator, are 
connected in series to form an output winding for each phase. 
The three sets of series coils produce output voltages which 
differ in phase by 120 electrical degrees; the stator wind- 
ings are shown on the schematic as a three-phase wye, or 
star, connection. 

As in the single-phase machine, a magnetic field exists 
about the six poles of the permanent-magnet rotor. When 
three of the rotor poles spaced 120 degrees apart are in 
alignment with three of the stator poles of the same wind- 
ing phase, the remaining three rotor poles are positioned 
yetween the remaining six stator poles. Thus, when maxi- 
mum flux is produced in one set of stator poles, one of the 
remaining two sets of stator poles is increasing in flux 
density, while the other set is decreasing in flux density, 
The flux polarity in any stator pole reverses as alternate 
rotor poles move past the individual stator poles; as a result, 
the changing flux induces an alternating current in each of 
the three armature windings which is 120 degrees out-of- 
phase with the current produced in either of the other two 
armature windings. The three-phase a-c output is taken 
from the three stationary armature windings without the need 
for slip rings and brushes. Since this inverter is designed 
for use with a constant load, no provision is made for either 
voltage or speed regulation. 

Inverter with Rototing Armature, The inverter shown in 
the accompanying schematic is typical of many inverters 
with separate d-c fields for the motor and generator sections. 
This type of inverter has a stationary field, and the arma- 
ture windings rotate within the magnetic field produced by 
the field. Although the schematic shows an inverter with 
three-phase output, the same principles discussed here 
apply to an inverter with single-phase output. 

The 'd-c motor shown in the accompanying schematic has 
a compounded field consisting of both a series and a shunt 
winding. This type of motor provides better speed requla- 
tion under conditions of varying load; as a result, the output 
frequency can be held relatively constant. To further im- 
prove the frequency stability of the inverter, a speed gover- 
nor is incorporated in series with the shunt winding to con- 
trol the shunt-field current and, therefore, the magnetic flux 
developed by the shunt field. The governor is a centrifugal 
type, mounted on the armature shaft of the motor. Electrical 
connection to the governor contacts is accomplished by two 
slip rings, located at the commutator end of the armature; 
brushes are used to contact the slip rings and complete the 
circuit to the speed regulating resistor, Rl, The governor 
controls the speed of the motor by placing resistor Rl into 
and out of the shunt-field circuit. For example, when the 
motor attempts to increase speed, the governor contacts 
close to shunt the resistor, Rl. (The governor contacts open 
and close by centrifugal action.) As a result, the current 
through the shunt-field winding increases, the magnetic 
flux developed by the field increases, and the motor speed 
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Inverter With Rotating Armature 


is reduced accordingly. Conversely, when the moter attempts 
to decrease speed, the governor contacts open and resistor 
R1 is placed in series with the shunt-field winding. In this 
case, the current through the shunt-field winding decreases 
the magnetic flux developed also decreases, and the motor 
speed is increased accordinaly. By controlling the motor 
speed, the centrifugal yovernor thus controls the resulting 
frequency of the a-c output. 

The generator portion of the inverter consists of a 
stationary four-pole field and « three-phase, wye- or star- 
connected rotating armature. The armature windings are 
distributed and mounted in the slots of the laminated rotor 
core, and are brought out to three slip rings which are 
mounted on the rotor shaft; brushes contact the slip rings 
to complete the circuit. 

The stationary Held, consisting of fou S=CO 
coils (each placed on a pole piec: e’, is supplied direct cur- 
rent from the d-c input to the motor. The strength of the 
magnetic flux developed by the field is determined by tne 
current which passes through the field windings; consequent: 
iy, this current also determines the amplitude o! 


ur series-cannerted 


voltage produced 
placed in series with 
of current through the windings ond thus c 


ontrol the ampli- 
tude of the a-c ae voltage in ali three phases. 


tical lond on the invert 
the output voltage 
thus, resistor R2 is usually adjusted ees conditions 9f 
norma! load to obtain the desired output voltage. However, 
when the electrical load is subject to considerable variation, 
a system of voltage regulation must be employed, As men- 
tioned in a previvus puldyiaph, reguistion con be 
achieved by sensing the a-c output voltage and then con- 
trolling the magnetic field to compensate for the or! 


sput-voltage variat! 
output-voltage var 


ry 
a 


guidtion uses d-c volt 


to control a carbon-pile 


ied fom one of tne phases 
voltage tegulator. The requiator, in 
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turn, substitutes for resistor R2 in the field circuit and 
varies the current through the field windings; thus, the mag- 
netic flux of the field is varied. As a result, the a-c output 
voltage amplitude is controlled by action of the carbon-pile 
teguiator to compensate for changes occurring in the output 
voltage. {A detailed description of generator and alternator 
voltage regulation is found in Navy publications covering 
basic electricity and, therefore, is not given in this hand- 
book. 

In the inverter described here, the output can be set toa 
given value by adjustment of resistor R2, or the output can 
be automstically regulated by a regulating system which 
substitutes for resistor R2. The governor assembly, together 
with resistor Rl, on the d-c motor controls the speed of 
rotation and this the freqency of the a-c output. One disad- 
vantage of this inverter is that aii current delivered to the 
joad must pass through the slip rings and brushes of the 
amature assembly. Therefore, the use of this type of in- 
verter is usually to low-power, constant-load appli- 
cations, where the use-of slip rings and brushes will not 
setiously affect operating efficiency. 

Inverter with Rotating Field. The inverter shown in the 
accompanying schematic has a rotating iield and stationary 
armature windings; the machine is similar to the inverter 
using a permanent-magnet rotor, described earlier, except 
in this instance a d-c rotor field is used. Although the sche- 
matic shows an inverter with three-phase output, the same 
principles discussed here apply to an inverter with single- 
phase output. 

The d-c motor shown in the accompanying schematic has 
a Compounded field consisting of both a series winding aad 
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govemor assembly and its effect upon output frequency was 
described in a preceding paragraph.) 

The generator portion of the inverter consists of a rotat- 
ing field assembly and stationary armature windings. D-C 
exciting coils for the rotating field are wound on the six- 
pole rotor, and are brought out to two slip rings which are 
mounted on the rotor shaft; brushes contact the slip rings 
to complete the d-c circuit to the rotating field, The direct 
current for the rotating field is obtained from the d-c input 
to the motor. The strength of the magnetic flux developed 
by the rotating field is determined by the current which 
passes through the field windings; consequently, this cur- 
tent also determines the amplitude of the output voltage 
produced in the stationary armature windings. Resistor R2 
is placed in series with the field windings to adjust the 
value of current through them, and thus controls the ampli- 
tude of the a-c output voltage in all three phases. 

The three-phase stationary armature consists of a nine- 
pole, laminated stator, similar to the armature described 
previously for the three-phase inverter using a permanent- 
magnet rotor. The nine separate coils of the stator are con- 
nected to form three sets of three series coils each; the 
three sets of series coils produce output voltages which 
differ in phase by 120 electrical degrees. The armature 
(stator) windings are shown on the schematic as a three- 
phase wye or star connection. 

If the electrical load on the inverter is relatively con- 
stant, the output voltage is likely to remain relatively con- 
stant; thus, resistor R2 is usually adjusted under conditions 
of normal load to obtain the desired output voltage. How- 
ever, when the electrical load is subject to considerable 
variation, a system of voltage regulation must be employed. 
The voltage and output-frequency regulation principles for 
this inverter are identical with those given in previous para- 
graphs for the inverter with rotating armature. 

One advantage of this type of inverter is that the three- 
phase a-c output is taken directly from the stationary arma- 
ture windings without the need for slip rings and brushes; 
for this reason the inverter is commonly used for high-power 
applications, because the load current is not required to 
pass through the resistance offered by moving contacts 
{slip rings and brushes). 

Indvetor-Type Alternator, The inverter shown in the 
accompanying schematic is typical of inverters which 
operate on an induction principle and employ stationary 
field and armature windings located side-by-side in a common 
frame; the stator windings and their associated poles share 
@ common rotor assembly. 

The d-c motor shown in the accompanying schematic has 
@ compounded field consisting of both a series winding and 
a shunt winding. The motor is identical with the motor pre- 
viously described for the inverter with d rotating armature. 
The motor is equipped with 9 centrifugal governor which 
controls the motor speed by shunting resistor R1 into and 
out of the shunt-field circuit. (The speed-regulating action 
of the governor assembly and its effect upon output fre- 
quency were described in a previous paragraph.) 

The generator portion of the inverter consists of a six- 
pole, laminated rotor mounted on the end of the d-c motor 
shaft, and a stator assembly with two dual-pole pieces on 
which the stator windings are mounted. The two dc field 


ORIGINAL 


POWER SUPPLIES 


900,000.102 


O-¢ FIELD 


MOTOR 
FIELDS 


A-C 
OUTPUT 


Inverter With Indoctor-Type Alternator; Single-Phase Output 


(exciting) coils, connected in series, are mounted around 
both dual-pole pieces, which are opposite each other in the 
stator assembly; the four a-c armature coils, connected in 
series, are mounted around the individual poles of the two 
dual-pole pieces. 

Direct current is supplied to the d-c field (exciting) 
coils of the stator from the d-c input to the motor. The 
field coils establish a magnetic field in each of the two 
dual-pole pieces that make up the stator assembly, as shown 
in the accompanying diagram. The current which passes 
through the field determines the strength of the magnetic 
flux developed by the d-c field winding, and thus the ampli- 
tude of the output voltage. Resistor R2 is placed in series 
with the field winding to adjust the value of field current, 
in order to control the amplitude of the a-c output voltage. 

For a given value of current in the d-c field winding (as 
determined by the adjustment of resistor R2), the strength 
of the field flux linking the a-c armature coils on the stator 
will vary as the reluctance of the magnetic circuit is varied. 
Because of the high permeability (as compared with air) of 
the soft iron laminations of the rotor, the reluctance is varied 
as the poles of the revolving rotor continuously move in and 
out of alignment with the poles of the stator. As the rotor 
tevolves and varies the reluctance of the magnetic circuit, 
the strength of the magnetic field --— and, consequently, 
the amount of induction coupling to the a-c coils — will 
also vary. The petiodic voriotion in induction coupling, 
which is sinusoidal in nature, induces an alternating cur- 
sent in the a-c armature coils. This current achieves a 
maximum value at a time when the poles of the rotor and 
stator are in alignment, and reaches a minimum value when 
the rotor and stator poles are farthest out of alignment. One 
cycle of generated voltage occurs in the armature winding 
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as the rotor rotates through an angle equal to the angle of 
separation for adjacent rotor poles. Since it is 

easy to build a machine with a large number of rotor eal 
the inductor-type design is readily adaptable to the genera- 
tion of high frequencies. For a given number of rotor and 
stator poles, the induced voltage in the armature windings 
altemates at a frequency determined by the speed of the 
rotor assembly, 

If the electrical load on the inverter is relative!y con- 
stant, the output voltage is likely to remain re_stively con- 
stant, and, as for the other inverters previously described, 
resistor R2 is usually adjusted under conditions of normal 
load to obtain the desired output voltage. However, when 
the electrical load is subject to considerable variation, a 
system of voltage regulation must be employed. The volt- 
age and output-frequency regulation principles for the 
inductor-type alternator are identical with those given in 
previous paragraphs for the inverter with rotating armature. 

The inductor-type alternator is frequently used in appli- 
cations where high-frequency output at a moderate power 
level is required. One advantage of this type of inverter is 
that no slip tings or brushes are used for the alternator 
portion of the inverter, the output being taken directly from 
the armature windings. 


FAILURE ANALYSIS. 
General. Inverters generally provide trouble-free opera- 
tion as long as normal preventive maintenance is performed 
in accordance with the procedures recommended by the 
equipment maintenance handbooks. However, the technician 
must be aware of possib! 


failures and be able to recognize 
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The inverter can best be thought of as two separate ma- 
chines combined in a single housing and sharing a common 
rotating shaft. The relationship between the d-c motor and 
a-c generator (or altemator) is essentially « mechanical 
one; therefore, in failure-analysis procedures for an inverter, 
the d-c motor and a-c generator are usually treated as sepa- 
rate machines mechanically coupled to each other. In test- 
ing inveriers, the procedures are the same as those gi 
Navy publications for similar d-c motors and a-c generators. 
It must be first established whether the trouble is of an 
electrical or a mechanical nature, or both; therefore, several 
of the more common d-c motor and a-c generator troubles 
are given in the paragraphs which follow to help the tech- 
nician recognize typical failures. 

Temperature Rise. As stated previously for the dyna- 
motcr, an excessive temperature rise in an inverter is one 
of the first indications of trouble, Excessive heating of an 
inverter should always be considered as an effect rather 
than a cause of trouble. 

An overload condition is a common cause for overheat- 
ing; therefore, the load current should be checked to deter- 
mine whether it is excessive. The three-phase inverter 
offers a problem in distributing the electrical load equally 
between the three phases. For this reason, it is possible 
that one phase may become overloaded and cause overheat- 
ing of the machine because of the load unbalance; therefore, 
the load current in each phase should be checked to deter- 
mine whether it is excessive and whether the load is bal- 
anced for each phase. 

Poor ventilation, resulting from restricted cooling vents 
or clogged inieiaal < 


passages, c s€ a tempercturc 
tise because of the lack of adequate cooliny-air circulation. 
Shorts in the d-c motor commutator segments or shorted 
turns in the motor armature windings, shorted turns in the 
motor field windings themselves, or windings shorted to 
metal parts of the armature or frame are al! typical causes 
of motor heating. Worn brushes or high mica on the commu- 
tator, or both, can also contribute to an abnormal tempera- 
ture rise in the motor. Shorted turns in the windings of the 
a-c generator (alternator) rotor or stator can also contribute 
to a temperature rise in the machine. 

Mechanica! Noise. Excessive mechanical noise in an 
inverter is another indication of impending trouble. Although 
the inverter itself (or the unit in which the inverter is lo- 
cated) is usually mounted on some form of shock-mount sup- 
port, to reduce mechanical vibration and noise resulting 
from the rotating parts of the machine, various abnormal 
mechanical noises can still be heard, identified, and traced 
to the source. High mica, an out-ol-round or eccentric motor 
commutator, high or low motor commutator segments, and 
ary or worn bearings are all typical causes of abnormal 
operating noise. 

Broken or chipped motor brushes, or brushes which are 
not seating on the commutator properly, develop a charac- 
teristic whine; however, this noise may not be readily heard 
because loose rotor or stator laminations in the a-c genera- 
tor portion of the machine may develop a high-frequency 
sound which masks the commutation noise. Worn or dirty 
bearings generall: use a low-frequency (or grinding) 
sound, and ma’ result in the 
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caused by lack of proper lubrication; badly worn bearings 
may allow the rotor assembly to strike the stator and create 
additional noise. Furthermore, a rotor which is not centered 
in the stator because of worn bearings, although it may not 
strike the stator, is likely to cause some localized heating 
in the stator. 

Motor Commutotor Sparking. Excessive sparking at the 
motor commutator is generally an indication of brush or 
commutator troubles. Sparking brushes may also be an indi- 
cation of open or shorted coils in the armature winding, or 
an indication of a grounded, open, or shorted field winding. 
As mentioned previously, this condition will likely be ac- 
companied by a rise in temperature of the machine. Worn 
brushes, lack of brush pressure, brushes sticking in their 
holders, or brushes not seating properly are also couses for 
sparking, 

Typical d-c motor commutator troubles are high or low 
segments, an out-of-round or eccentric commutator surface, 
of a high mica condition. (The high mica condition occurs 
when the commutator segments have worn down below the 
insulating mica separator strips between the copper seg- 
ments.) If any one of the three conditions mentioned is 
found to exist in the motor Commutator, the machine will 
require disassembly and repair (by the electrical shop), 
since it will be necessary to turn down the commutator in a 
lathe and then undercut the mica to a level which is below 
the surface of the commutator segments. 

No Output. If the inverter fails to start, the input circuit 
should be checked to make certain that the applied d-c 
voltage is present and of the correct value. If necessary, 
the associated primary power source control or relay circuit 
should be checked to make certain that it is functioning 
normally, A low applied input voltage or an open field 
citcuit can also prevent the motor from starting. 

If the inverter is running but there is no output, the load 
should be disconnected and checks made to determine 
whether the load is shorted; a voltage measurement can be 
made at the output terminals of the a-c generator after the 
load is disconnected to determine whether voltage is pre- 
sent. In the case of the three-phase inverter, measurements 
should be made on each of the three phases. With the in- 
verter disconnected from its input and output circuits, con- 
tinuity measurements can be made in accordance with the 
equipment maintenance handbook instructions to determine 
whether any of the windings are open. 

Low Output. A low-output condition can be the result 
of one or a combination of causes, and may be accompanied 
by a temperature rise or mechanical noise, or both. Low 
input de to the exciter coils, poor slip ring contact because 
of the presence of dirt or oil, worn brushes, and imptoper 
brush tension are typical troubles which contribute to a 
Jow-output condition. 

Shorted windings can cause low output, and this condi- 
tion is nearly always accompanied by a temperature rise in 
the inverter. If the load current is excessive, the output 
voltage may be below normal; therefore, the load current 
should be checked to determine whether it is within toler- 
ance. For the three-phase generator or alternator, the load 
current for each phase should be checxed to determine 
whether it is within tolerance and whether the load is bal- 
enced for each phase. As mentioned previously, an unbal- 
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ance in the load of the three-phase machine is likely to 
cause a temperature tise in the machine, 

A low-output condition can also be caused by a decrease 
in the cutrent through the exciting field; as a result, the 
magnetic flux in the field decreases and the output voltage 
decreases accordingly. If the d-c (exciting) field current is 
controlled by a voltage regulating system, it is possible 
that the system is faulty. If the field current is established 
by means of an adjustable resistor (resistor R2), it is pos- 
sible that the value of the resistor is too high. In the case 
of the inverter with rotating field, the slip tings and brushes 
may cause this condition because of excessive contact 
resistance. 

High Output, A high-output condition is usually caused 
by an excessive current in the exciting field; as a result, 
the magnetic flux in the field increases and the output volt- 
age increases accordingly. If the d-c (exciting) field cur- 
rent is controlled by a voltage regulating system, it is pos- 
sible that the system is faulty, If the field current is 
established by means of an adjustable resistor (resistor 
R2), it is possible that the value of the resistor is too low. 

Unsteady Output Voltage. The cause of unsteady or 
tluctuating output voltage, sometimes called voltage hunting, 
varies, depending on the design of the inverter and the 
method incorporated in the machine to regulate the value of 
the output voltage. If the output voltage fluctuates (assum- 
ing the speed of rotation to be relatively constant), this 
condition may be caused by fluctuations of the current in 
the exciting field; as a result, the magnetic flux in the 
field will also fluctuate. This condition may also be caused 
by a defective valtage-requlating system (mentioned pre- 
viously under the high-output and low-output conditions 
discussed above), or, if the inverter has a rotating field, 
the slip tings and brushes may not be in good contact with 
each other. 

Unsteady or Incorrect Output Frequency. The cause of 
unsteady output frequency, sometimes called frequency 
hunting, of simply hunting, and the cause of incorrect out- 
put frequency varies, depending on the design of the inverter 
and the method incorporated in the machine to regulate the 
speed of rotation. If the speed of rotation fluctuates, the 
output frequency will also fluctuate, since the speed of the 
rotor determines the frequency of the alterngtions in the 
armature windings. Thus, if the rotor speed is below normal, 
the output frequency will also be below normal, and, con- 
versely, if the rotor speed is above normal, the output fre- 
quency will also be above normal. If the d-c motor has a 
centrifugal-governor assembly, the governor contacts, slip 
rings, and brushes should be inspected for possible defects. 
Instability in the motor speed may also be evidenced by 
mechanical noises, temperature rise, brush sparking, etc, 
mentioned earlier in this discussion. 


VIBRATOR-TYPE POWER SUPPLIES, 

Genera}, The primary electrical power source in many 
portable and mobile (small boats, light aircraft, and ground 
vehicles) electronic equipments is 4 storage battery. 
Vibrator-type power supplies are used to convert direct 
current from the storage battery to alternating current which 
can be rectified to furnish high-voltage for the operation 
of the equipment. Vibrator-type power supplies are designed 
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for operation with specific input voltages; storage batteries 
having voltage values of 6, 12, or 24 volts are commonly 
used to operate this type of supply. 

The main differences between a conventional power sup- 
ply operating from an a-c source and a vibrator power sup- 
ply are the vibrating device used to convert the low d-c 
yoltage to high a-c special step-up powet 


voltage te high c-c 


th the vibrator. The vi- 


transiormer used in Conjuncti 
brator itself is essentially a high-speed reversing switch 
that alternately opens and closes sets of contacts in the 
primary circuit of the power transformer. The rising and 
falling magnetic field caused by the current pulses in the 
transformer primary induces an alternating square wave in 
the secondary circuit. The vibrator is designed to operate 
at 9 given frequency, usucily between GO ont 250 cycles 
per second, although in some applications higher frequen- 
cies are employed. 

Two basic vibrators are widely used in power supplies 
of this type; one is called the nonsynchronous (37 inter- 
rupter) vibrator, and the other is calle synchronous 
(or self-rectifying) vibrator. The primary function of either 
type of vibrator is to cause the d-c input current to flow in 
pulses through alternate halves of the transformer primary. 
The nonsynchronous vibrator requires the use of some form 
of high-voltage rectifier circuit to produce d-c output from 
the supply. The synchronous vibrator does not require a 
separate rectifier circuit since, as the name synchrenous 
(ot self-rectifying) implies, the vibrator itself performs the 
additional function of rectifying the high-voltage ac it pro- 
duces by synchronous switching of the transformer second- 
ary Winding; the resultant output voltage is essentially de. 

Occasionally, vibrator power supplies are designed to 
operate on more than one value of input voltage; this is 
accomplished by providing a number of taps on the trans- 
former primary, and appropriate switching or termina! points 
to accommodate the different battery voltages. 

Severai types of vibrator power supplies are capable of 
operation from both a low-voltage d-c source and a conven- 
tional 60-cycle a-c source. A combination power supply of 
this type is usually equipped with o trensformer having an 
additional primary winding for s-c operation; the primary 
winding used for vibrator operation is tapped, and is used 
as the filament winding for the electron tubes when operat- 
ing on ac. This type of power supply uses a non-synchro- 
nous vibrator and a separate rectifier circuit, since the 
same high-voltage secondary 
operation. 

Another cor n aac and vibrator power-supply de- 
sign uses two separate power transformers, with independent 
tectifie and in the a-c input Circuit. 
These two independent power-supply cifcuits share a com- 
mon filter circuit to filter their respective d-c outputs; 
either of the two input circuits is selected by a switching 
arrangement, depending upon whether d-c input or c-c input 
operation is desired. 

Although there are other circuit uiitinyements for pro 
viding operation from both a-c and d-c input sources, the 
examples given above are typical. One other comb: 


ly employed makes 


nthe vibrator c 


vibruior supply which is cccasionc 
of two vibrator supplies opera 4 common de: ingut 
but with two or more output voltages. The outputs of the 
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combined supplies can be either positive or negative, or 
both, and of different voltage values. 

Any of the conventional electron-tube or semiconductor 
rectifier circuits, such as the half-wave, full-wave, bridge, 
and voltage doubler, can be used in nonsynchronous vibrator 
power supplies. The use of semiconductor rectifiers sim- 
plifies the design of nonsynchronous vibrator-type power 
supplies, since na:tiament voltage is required for the recti- 


fier(s). 
NONSYNCHRONOUS VIBRATOR SUPPLY. 


APPLICATION. 

The nonsynchronous vibrator supply is commonly em- 
ployed in many portable and mohile equipments where the 
primary power source is a storage pattery. This supply 
produces a relatively high value of d-c voltage at a moderate 
load current from a low-voltage d-c source. The supply is 
commonly used to provide high voltage for the operation of 
small receivers, transmitters, and public-address systems, 
although in many recent equipments the transistorized de- 
to-de converter, described earlier in this section of the 
handbook, is used in lieu of the vibrator supply. 


CHARACTERISTICS. 

Input is low-voltage dc; output is high-voltage de. 

Input voltage is usually 6, 12, or 24 volts; special vi- 
brators for other input voltages are available. 

Typical vibrator operating frequency is between 60 and 
250 cycles. 

Output high-voltage de is normally between 180 and 300 
volts; load current is normally between 60 and 200 milli- 
amperes. 

Output circuit can be arranged to fumish negative or 
positive high voltage to the load. 

Output de requires filtering; ripple-voltage frequency is 
relatively high, and is determined by the vibrator frequency 
and the rectifier circuit used. 

Electron-tube or semiconductor diodes are used {n the 
rectifier circuit; rectifier circuit may be half-wave, tull- 
wave, bridge, or voltage-doubler. 

Regulation is fair; output voltage requlation may be em- 
ployed. 

Vibrator must be shielded and leads filtered to prevent 


i-f radiation and Interference to other circuits. 


CIRCUIT ANALYSIS. 

General. A nonsynchronous vibrator supply converts 
direct current from a low-voltage power source into alter- 
nating current that can be rectified and used to obtain a 
higher d-c output voltage for use as the plote and screen voit- 
ages in the operating equipment. The supply offers the 
advantages of light weight, small physical size, and yood 
efficiency; its main disadvantages are the limitation in 
output current and the tendency to produce interference to 
he well-filrerad 
and shielded. Another disadvantage is that, although the 
vibrator itself {s relatively inexpensive, its useful life is 
shorter than that of a dynamotor or of the transistots in a 


Les irene owever, when this 
de-io-dc converter. However, when this type of power sup- 
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ply is used within its rating, it will furnish reliable power 
for low-power communications and public address equipment. 

Nonsynchronous Vibrator Types. A vibrator is an elec- 
tromechanical mechanism, sometimes called cn interrupter, 
which acts as a high-speed reversing switch to control (or 
interrupt) the current in each half of a tapped primary wind- 
ing in a special step-up power transformer. The operation 
of a simple vibrator as a high-speed switching device can 
be understood by reference to the accompanying illustration 
of a fundamental vibrator circuit. 

In part A of the illustration, when switch S is closed, 
current flows from the battery, through the vibrator coil, 
and the lower half of the transformer primary, The magnetic 
field created by current flow through the vibrator coil at- 
tracts the armature and pulls it down against the lower con- 
tact. This places a short circuit across the vibrator coil, 
which causes it to de-energize and release the armature. 
Spring action draws the armature away from the coil, carries 
it through the neutral position, and drives it against the 
upper contact. Since the short circuit is now removed from 
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the vibrator coil, a magnetic field again exists, which draws 
the armature down until it again touches the lower contact. 
This action continues at a rate dependent on the natural 
frequency of the vibrator (typically about 100 cps). 
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During the time when the armature is aqainst the lower 
contact, the lower portion of the transformer primary is in 
the circuit. The direction of current flaw in this half of the 
primary is such that the bottom of the primary winding is 
negative with respect to the center tap. The voltage induced 
in the secondary, as a result of this current, will be of like 
polarity, that is, positive-going with respect to the bottom 
of the secondary windi This condition is indicated at 
time to in part 8 of the illustration, When the armature 
switches to the upper contact, the upper portion of the 
transformer primary is placed in the circuit. Since the cur- 
rent through this half of the orimary winding flows ina 
direction opposite to that in the lower half of the winding, 
a voltage pulse of opposite polarity will be induced in the 
secondaty. This is shown at time t;. The start of another 
complete cycle of operation, which is identical in every 
respect to the cycle fust described, is shown at time ta. 

The closing of the lower and upper contacts (in succes- 
sion) corresponds to one complete cycle of the vibrator 
frequency, and two pulses of current in alternate directions 
through the two halves of the transformer primary. The mag- 
netic field created by these current pulses induces a volt- 
age in the transformer secondary which is essentially a 
square wave, 4s shown in part B of the illustration. The 
output voltage does not achieve the shape of an ideal square 
wave because of the inductance of the transformer. As the 
current is continuously interrupted in the primary circuit, 
the alternate build-up and decay of the maunetic field both 
require a certain finite time. This results from the induc- 
tive reactance of the windings, which opposes both the 
build-up and the decay of the field. Because of this action, 
and of the high-voltage inductive effect (overshoot), the 
shape of the output voltaye waveform will be as shown in 
the illustration. Because the vibrator switching action pro- 
duces a current flow in opposite directions in the two halves 
of the primary during one complete mechanical cycle of the 
vibrating reed, the vibrator is sometimes called a full-wave 
nonsynchronous vibrator. 

As shown in the accompanying diagram, @ nonsynchro- 
nous vibrator consists of five basic parts: o heavy frame, 
an electromagnetic driving coil and core or pole piece, a 
tlexible reed and armature, one or more contacts attached 
to each side of the reed, and one or more stationary con- 
tacts mounted on each side of the reed and armature assem- 
bly. There are two basic electrical variations in full-wave 
nonsynchronous vibrators; the first type is called a shunt- 
drive vibrator and the second is called a series-drive, (or 
seporate-drive) vibrator, These names are derived {rom the 
manner in which the electromagnetic driving coil receives 
its excitation. Refer to the accompanying illustration of 
two typical nonsynchronous vibrators; part A shows the 
construction of a shunt-drive vibrator together with its 
graphic symbol, and part B shows the construction of a 
series-drive vibrator and its graphic symbol. 

The electromagnetic driviny coil is mounted on one end 
of the frame, as shown in the illustration, and the reed is 
tigidly clamped in insulating spacers and fixed to the 
opposite end of the frame. The stationary contacts are 
similarly clamped at the end of the frame, on each side of 
the reed. Electrical connections to the vibrator are alse 
made at this point on the frame. ‘the vibrator assembly is 
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usually mounted in a sound-absorbing ond cushioning ma- 
terial, such as foam or sponge rubber, which, in turn, is 
sealed within a metal can. The material placed around the 
vibrator reduces the amount of mechanical noise created by 
the vibrating teed, and ¢! etal can acts as an t-f shield 
to reduce direct radiation of electrical noise. The connect- 
ing leads from the vibrator are brought out to metal prongs 
at the ba: is plugged 
into a special socket in the same manner that an electron 
tube is installed in a tube socket; the socket also grounds 
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The other end of the winding is connected to an insulated 
stationary contact on the electromagnetic pull (or power) 
side of the reed; this contact is connected to the top of the 
orimary winding, As shown by the graphic symbol in Part A 
of the illustration, both sets of contacts are open when tne 
vibrator is ct rest; however, when voltage is 
the vibrator circuit, current flows through the driving coil, 
which magnetizes the core and causes the reed armature to 
be pulled toward the pole piece. As this occurs, the pull 
(or power) contacts close to shunt or short out the driving 
coil as well as to complete one half of the primary circuit. 
(Refer to the accompanying illustration showing typical 
nonsynchronous vibrator supplies.) This shunting action of 
the pull-contacts causes the driving coil to lose its mag- 
netic attraction for the reed armature and, as a result of 

the spring action stored in tne reed, causes ihe eed to 
swing back away from the pull contacts to interrupt the 
primary circuit. The inertia of the reed carries it puck 

1 (a } position ta the other set of con~ 
tacts, called the inertie contacts, closing these contacts 

to complete the other half of the primary circuit. While the 
inertia contacts are closed, current once again flows through 
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the driving coil and causes @ high magnetic attraction to be 
imparted to the reed armature. As the reed moves away 
from the inertia contacts, these contacts open to interrupt 
the primary circuit. The cycle is then repeated as the reed 
is carried across the neutral (at rest} position to close the 
pull contacts and once again shunt the driving coil. It 
should be noted at this time that the peak voltage applied 
to the driving coil, during the time the inertia contacts are 
closed, is approximately twice the value of the normal d-c 
input voltage to the supply; this is because the voltage 
induced by autotransformer action in the half of the primary 
winding which is connected to the stationary pull contact 
is in series with the d-c input voltage. 

By referring to the diagram of the shunt-drive vibrator, 
it will be seen that when the armature is in the neutral 
position (all contacts open}, a complete series circuit 
exists from the negative side of the input source, through 
the driving coil and pull winding, to the positive side of 
the d-c source. For a given value of current, as determined 
by the total resistance in the circuit, the portion of the input 
voltage that will be dropped across each of the two circuit 
elements will be in direct proportion to the resistance pre- 
sent in each element. Since the transformer primary wind- 
ing offers only negligible resistance to the comparatively 
small and steady d-c current which flows under the con- 
ditions stated, no appreciable voltage will be developed 
across the pull winding. 

When the inertia contacts ate closed, the series circuit 
through the driving coil and pull winding remains completed. 
The voltage existing across the pull winding and the volt- 
age developed in the inertia winding have opposite polari- 
ties. Through the autotransformer action which takes 
place across the tapped primary, the rapidly changing mag- 
netic field around the inertia winding induces a voltage in 
the pull winding; this voltage has the same polarity as that 
of the inertia winding, As a result, the voltage now pre- 
sent across the pull winding will be the difference between 
the induced voltage and the existing voltage. Since the 
induced voltage has the greater value, the polarity of the 
difference voltage will be the same as that of the induced 
voltage. Thus, not only is the counteracting effect of an 
opposing voltage neutralized, but the voltage in the inertia 
winding is effectively aided. 

The series-drive (or separate-drive) vibrator, shown in 
part B of both illustrations (the Nonsynchronous Vibrator 
Types and the Typical Nonsynchronous Vibrator Supplies), 
differs from the shunt-drive vibrator just described in that 
it has an extra pair of contacts. These contacts, called 
starting contacts, are normally closed when the vibrator is 
atrest. The moving contact of this pair is mounted on the 
armature reed, which is normally connected to ground. The 
stationary starting contact is wired to one end of the driving 
coil. The other end of the coil is connected to the high side 
of the d-c input voltage source, through a terminal in the 
base of the vibrator provided for this purpose. As shown in 
part B of both illustrations, both the inertia contacts and 
pull contacts are open when the vibrator is at rest. How- 
ever, when voltage is applied to the vibrator circuit, cur- 
tent flows through the driving coil and causes the reed 
armature to be attracted to the pole piece (magnetized 
core); thus, the moving pull contact is drawn against the 
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stationary pull contact. The closing of these contacts 
completes a circuit through one half of the transformer pri- 
mory. The armeture, in moving toward the pole piece, opens 
the starter contacts, which prevents any further current 

flow in the driving coil; this results in the collapse of the 
magnetic field. The reed, now no longer attracted by the pole 
piece, swings back from the driving coil; this opens the 
pull contacts and interrupts the primary circuit. The inertia 
of the reed carries it back across the neutral (at rest) 
position to the inertia contacts, closing these contacts to 
complete the other half of the primary circuit. At the same 
time, the starting contacts close and current once again 
flows through the driving coil to produce a magnetic attrac- 
tion for the reed armature. As the reed moves away from the 
inertia contacts, these contacts open to interrupt the pri- 
mary Circuit; at the same time the starting contacts open 

to interrupt the circuit to the driving coil. The cycle is 
then repeated as the reed is carried across the neutral (at 
rest) position to close the pull contacts and once again 
complete the primary circuit. It should be noted at this 
time that if the series-drive vibrator is connected in the 
circuit so that the driving coil receives voltage directly 
from the input source (through a separate contact in the 
vibrator base), the vibrator will continue to vibrate mechani- 
cally, even though the transformer center tap and end leads 
are open. This will not occur with the shunt-drive vibrator 
since the current to energize the driving coil must pass 
through one half of the primary winding. 

In both the shunt-drive vibrator and the series-drive 
vibrator the current is alternately switched through each 
half of the transformer primary, and, as a result of these 
alternate pulses and the magnetic field they produce in 
transformer Tl, a stepped-up voltage is induced in the 
transformer secondary. The resulting secondary voltage is 
essentially square in waveform, and is applied to the full- 
wave rectifier circuit. In the circuits illustrated by the dia- 
grams of typical nonsynchronous vibrator supplies, trans- 
former T] has a center-tapped secondary winding; each end 
terminal of the secondary is connected to a plate of the 
electron tube, V1. On alternate half-cycles of the second- 
ary voltage, alternate diodes of the full-wave rectifier con- 
duct and produce an output voltage across the load resist- 
ance. Since only one diode conducts at any instant of time, 
electrons flow through the load resistance in pulses to pro- 
duce a pulsating output voltage. The output of the recti- 
fier circuit is connected to a suitable filter circuit to smooth 
out the de for use in the load circuit; because a square- 
wave voltage is applied to the rectifier circuit, and because 
the frequency of vibrator switching is fairly high (usually 
100 to 120 cycles), very little filtering is required to obtain 
a d-c output voltage which is free from voltage transients 
and relatively free from ripple. 

In practice, the nonsynchronous vibrator is normally 
constructed with a four-prong base, and the socket into 
which the vibrator is plugged is wired to accept either a 
shunt-drive or a seties-drive vibrator; therefore, the two 
vibrator types may be used interchangeably in a large num- 
ber of vibrator-type supplies. 

Cireuit Operation. Both supplies shown in the Non- 
synchronous Vibrator Supplies illustration utilize a full- 
wave rectifier circuit to obtain high-voltage output. The 
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discussion which follows is concerned primarily with the 
vibrator and its associated transformer, since the operation 
of a full-wave rectifier circuit has been described under 
Power Supply Circuits, in Section 4, Part A (Single Phase 
Full-Wave Rectifier) of the handbook, Furthermore, the 
nonsynchronous vibrator-type power supoly is aot necessarily 
testricted to the use of a full-wave rectifier circuit and, in 
many instances, the rectifier circuit is likely to be a bridge 
or voltage-doubler circuit employing either electron-tube or 
semiconductor diodes as rectifiers. 

Vibrator Gl in the circuit of part A is a shunt-drive 
vibrator; vibrator G} in the circuit of part Bis a 
drive vibrator, Transformer TL, in both circuits, Is a special 
power transformer with a center-tapped y cind center- 


series- 


ondary: hawever, if a mre 
tectitier circuit is used instead ord tuii-wave rectilier 
shown, the transformer secondary need not be center-tapped. 
Electron tube V1 is a twin-diode rectiti be eithel 
an indirectly heated cathode rectifier or a qas-filled, cole 
Cathode rectifier. Bypass capacitor Cl and r-f choke RFCL 
serve as 9 filter to eliminate or reduce impulse electrical 
noise (or ‘’hash’’), originated by arcing vibrator contacts, 
from being radiated by the d-c input leads and coupled into 
other circuits of the equipment. Resistors Ri and R2 ore 
connected across the interrupter contacts of the vibrator to 
reduce interference and sparking aad also te increase the 
life of the vibrator contacts; the value of Rl and R2 is 
usually between 47 and 220 ohms, depending upon the d-c 
input voltage and circuit design, Resistors Rl and R2 also 
help to reduce the peak amplitude of any transient voltages 
which might occur in the primary circuit becruse af vibrator 
switching action, Capacitor C2, commonly called the buffer 
capacitor, and vevaslonally fieA savos ths SuNe ‘ 
ing capacitor, is connected across the transformer “eit 
ary to effectively absorb the high transient voltages produced 
by the inductive reactance when the primary current is inter- 
tupted by the opening of the vibrator contacts. Because of 
the magnitude of these voltages, it is necessary that the 
buffer capacitor have a rating in working volts of from 6 to 
8 times the voltage delivered by the power supply. For 
example, for a supply which delivers 250 valts, the capaci- 
tor should be rated between 1500 and 2000 working voits. 
A resistor of approximately 5000 ohms is sometimes con- 
nected in series with the butfer capacitor to umit the second- 


current in case the huffer conacitor hecames shorted, 


ary current in ca: 


O47 wile Capacitors used incthisitoe. 
a breakdown voltaye of 1000 to 2000 volts. 


mubufforcospeci tants connected actnss thaitranste 


mary. Another circu 
of equal vulue; u CUoUCIIGT is Gunes ul 
secondary to ground or te the secondary 
capacitor C3 and rf choke REC2 form 
te prevent nese for “hesh’””) from heiney cannied to other 
citcuits through the nh oltage, d-c output lead. 

innit cower is applied te tne circuit, the dtiw 


enter bu’ 
acheter 


coil cf vibrator Gis energized in crarr ine yee vilnaie 


f shin 


ORIGINAL 


900,000.102 POWER SUPPLIES 
able detail in previous paragraphs; therefore, a description 
of vibrator switching action will not be repeated here.) 


FAILURE ANALYSIS. 

General. A quick check to determine whether the vi- 
brator is operating is to listen for the characteristic mech- 
anical buzzing noise which is made by the vibrating action 
et the reed assembly; aithough the reed assembly is en- 
closed in a sealed can and is cushioned to deaden the 
sound, an audible indication can usually be detected. How- 
ever, this simple check is not a positive indication of cor- 
tect vibrator operation; for example, the series-drive vi- 
brator will cften continue to operate even when there are 
discontinuities in the transformer primary circuit. 

The most frequent trouble which develops in a vibrator- 
iype supply is caused by a defective vibrator or o def 
buffer capacitor. The power transformer and the rectifier 
it component have a useful life which is 
comparable to the life of the components in a conventional 
power supply designed for a-c input. 

Although certain wavetorm measurements can be made 
with an oscilloscope to check for correct operation of the 
vibrator supply, this technique will not always immediately 
ee troubles within the supply, since mechanical defects 

hich may be of short duration sometimes occur only after 
* e vibrator reaches o certain operating temperature. 

An indication of vibrator operation can be quickly ob- 
tained by using an oscilloscope to observe the voltage wave- 
form at the primary of the power transformer. If measure- 
ments are made at each end of the Primary to chassis 
(ground), tie peak-to-peak ampHiude of the square wave 
will be approximately equal to twice the value of the d-c in- 
out voltage: however, if the oscilloscope vertical input is 
connected across the entire primary winding, the peak-to- 
peak amplitude of the square wave will be approximately 
equal to four times the value of the d-< input voltage. 

When the vibrator circuit is operating normally, a square 
wave will be observed with relatively smooth transition 
occurring after the contacts break and during the voltage 
reversal when another set of contacts make to produce the 
next half-cycle of the waveform. The flat portion ot the 
square wave should be relatively smooth; if radical tran- 
appear on the flat portion of the square wave, this 
is an indicution ot poor electrical contact, caused by chat- 
tering or bauncina of the contacts, and is a good reason ta 
suspect that the yore is elective’ Mine toughness, or 
ja? on ine flor ¢ 
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operating characteristics; therefore, the replacement vi- 
brator should be the same type as the original, or at least 
a vibrator which is recommended by the manufacturer as the 
cortect replacement for the original. 

No Output, The nonsynchronous vibrator supply con- 
sists of a vibrator and associated transformer, and a recti- 
fier and filter circuit. Therefore, when checking the vibra- 
tot supply for o possible defect, tests must be made to 
determine whether the trouble is due to a defective vibrator 
and associated transformer, ot to a defect within the recti~ 
tier circuit. 

The d-c input voltage should be checked to determine 
whether it is present and of the correct value, 

The operation of the vibrator can be checked by an a-c 
voltage measurement made at the secondary terminals of the 
transformer, or by use of an oscilloscope connected to the 
primary circuit to observe the switching-action waveform. 

If the vibrator and associated transformer are found to be 
functioning normally, as indicated by a secondary-voltage 
Measurement or an oscilloscope check, it must be assumed 
that the trouble is in the rectifier circuit or the associated 
load. A check of the rectifier circuit can be made in ac- 
cordance with the procedures outlined in Section 4, Part A 
for the applicable rectifier circuit; in the case of this partic- 
ular vibrator-supply circuit, reference should be made to 
the Single-Phase Full-Wove rectifier circuit. If the vibrator~ 
type power supply blows its d-c input fuse each time the 
supply is energized, the vibrator may be defective. To 
eliminate this possibility, remove the vibrator and substitute 
another vibrator of the same type in its place. Then install 
a new fuse and apply power; if the fuse does not blow and 
operation appears to be normal, the original vibrator must 
be considered defective. However, if the fuse blows again, 
the original vibrator may be considered good, and further 
checks of the supply will be necessary in order to locate 
the source of the trouble. When bumed or pit «d vibrator 
contacts stick together, a heavy current flows in the as- 
sociated primary winding, and this current is likely to blow 
the fuse. A check of the input current should be made with 
an ammeter to determine whether this current is within 
tolerance, ot whether it is excessive. With the vibrator re- 
moved from its socket, continuity measurements of the 
transformer primary circuit may be made to determine 
whether the primary winding isopen, shorted, or grounded. 
Aqain a known good vibrator may be substituted for the 
suspected vibrator to determine whether the vibrator is one 
possible cause of improper operation. Also, removal of the 
tectifier tube, as applicable will indicate whether the 
trouble is in the vibrator, or in the rectifier or load section 
of the supply. 

A shorted buffer capacitor C2 can be detected by a 
higher than normal input current to the supply and a very 
low a-c voltage at the secondary terminals of the transfor- 
mer. The replacement buffer capacitor should be the same 
value as the original capacitor and of equal or greater volt- 
age tating. A leaky or shorted filter capacitor C] will also 
cause the input current to the supply to be above normal. 
As a general rule, any time the vibrator is replaced the 
buffer capacitor should also be replaced. 

The indirectly heated cathode rectifier, V1, is frequent- 
ly subject to heater-to-cathade leakage, and, since the 
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heater is normally at ground potential, this leakage will 
cause an abnormal load on the rectifier output; a complete 
short will result in no dec output from the supply. Also, a 
short in filter capacitor C3 or an open r-f choke RFC2 will 
tesult in no output from the power supply. 

Low Output. A low-output condition in a nonsynch- 
ronous vibrator-type power supply usually results from a 
defective vibrator, a leaky buffer capacitor, low input volt- 
age, or a defective compenent in the rectifier or filter cir- 
cuit. 

A voltage drop in the primary leads to the supply can 
result in low output; therefore, the input voltage should be 
checked at ihe transformer or vibrator terminals to deter- 
mine whether the input voltage is present and of the cor- 
tect value. 

The a-c secondary voltage may be measured at the 
transformer to determine whether it is approximately the 
value specified for normal operation of the supply. The 
test procedures described for the no-output condition and 
in previous paragtaphs can be used to determine whether the 
vibrator is at fault. A detective vibrator with only one set 
of properly making contacts results in reduced output from 
the supply. A vibrator in which ‘frequency hunting’! oc- 
curs may be detected by an uneven or irregular buzzing 
noise, which indicates that the armature is vibrating er- 
tatically and at frequencies other than its normal frequency 
of vibration. This unstable condition of the vibrator causes 
the stepped-up voltage induced in the secondary of the 
transformer to also be erratic, and the output voltage to be 
below its normal value. This trouble is usually caused by 
excessive load current, and isan indication of impending 
vibrator failure. Frequency hunting can also be caused by 
burned or pitted vibrator contacts which are sticking; this 
usually results in a higher than normal input current and 
reduced output from the supply. A check of the input cur- 
tent shold be made with an ammeter to determine whether 
the current is within tolerance; also, an oscilloscope check 
of the waveform at the primary of the transformer should be 
made to determine whether thevibrator is faulty. If desired, 
a known good vibrator may be substituted for the suspected 
vibrator as a quick check to determine whether the vibrator 
is actually at fault. A check with the rectifier tube te- 
moved isalso recommended. Shorts, leakage, or excessive 
current drain in the filter circuit or in the high-voltage load 
circuit external to the supply will cause a heavy load on 
the vibrator contacts, and may cause early failure of the 
vibrator. The output load current should be measured after 
installation of a replacement vibrator to determine whether 
the load current is within tolerance; if the load current is 
excessive, the replacement vibrator may be damaged unless 
the cause for the excessive load current is found and cor- 
rected. 

Continuity measurements of the primary and secondary 
windings of transformer Tl should be made, since an open 
circuit in either of the windings will cause a reduction in 
output. 

The rectifier, V1, may be weak and cause low output. 
The tube is usually an indirectly heated cathode type, such 
as a type 6X5, 6X4, or 12X4, or o gaseous rectifier, such 
as a type 024, In either case, a quick check of rectifier 
condition can be made by substituting a rectifier known to 
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be in good condition, and the output voltage measured to 
determine whether the voltage has returned to normal. In 
an emergency, when the vibrator is urgently needed and no 
replacement is available, the vibrator may be opened and 
the contacts burnished as an interim corrective measure. 
The indirectly heated cathode rectifier is frequently sub- 
fect to heater-to-cathode leakage, and, since the heater is 
normally at ground potential, this leakage will cause a load 
on the rectifier output; a complete short will result in no 
d-c output from the supply. Gaseous, or cold-cathode, 
rectifiers can also be checked by substitution of a known 
good rectifier. 

The power supply output current should be checked to 
make sure that it is within tolerance. A low-output cond- 
© 10 @ decrance in load resistance will cause an in- 
ctease in load current; for exampie, excessive leakage in 
the capacitors of the output filter circuit will result in in- 
creased load current. 


SYNCHRONOUS VIBRATOR SUPPLY. 


APPLICATION. 

The synchronous vibrator supply is commonly employed 
in many portable and mobile equipments where the primary 
power source is a storage battery. This supply produces a 
relatively high value of d-c voltage at a moderate load cur- 
rent from a low-voltage d-c source. The supply is commonly 
used to provide high voltage for the operation of small re- 
ceivers, transmitters, and public-address systems, although 
in many equipments the transistorized de-to-de converter, 
described in Section 4, Part B (Semiconductor Circuits} of 
the handbook, is used in lieu of the vibrator supply. 


CHARACTERISTICS. 

Input is low-voltage de; output is high-voltage de. 

Input voltage is usually 6, 12, or 24 volts; special vi- 
brators for other input voltages are available. 

Typical vibrator operating frequency is between 60 and 
250 cycles. 

Output high-voltage dc is normally between 180 and 306 
volts; load current is normally between 60 and 200 milli- 
amperes. 

Output circuit can be arranged to furnish negative or 
positive high voltage to the load. 

Output de requires filtering: ripple-voltage frequency is 
relotively high, and is determined by the vibrator frequency. 
Synchronous vibrator is self-rectitying; electron-tune 

or semiconductor rectifier circuit is not required. 

Regulation is fair; output voltage requiation may be 
employed, 

Vibrator must te shielded and leads filtered to prevent 
t-f radiation and interference to other circuits. 


CIRCUIT ANALYSIS. 
General. A synchronous vibrator supply converts direct 


voltage power source inta high-voltage 


cuitent from a lo 
de that can be filtered for use as the plate and screen volt- 
ages in the operating equipment. A separate rectifier is 
not required with this circuit because rectification is ac- 
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small physical size, and good efficiency; its main disad- 
vantages are the limitation in output current and the tend- 
ency to produce interference to other circuits. Therefore, 
the vibrator must be well-filtered and shielded. Another 
disadvantage is that, although the vibrator itself is relative- 
ly inexpensive, its useful life is shorter than that of a 
dynamotor or of the transistors in a de-to-dc converter. 
However, when this type of power supply is used within 

its rating, it will fumish reliable power for low-power com- 
munications and public address equipment. 

Synchronous Vibrator Types. A vibrator is an electro- 
mechanical mechanism, sometimes called an interrupter, 
which acts as a high-speed reversing switch to control (or 
interrupt) the current in each half of a tapped primary wind- 
ina in a special step-up power transformer; in addition, the 
synchronous vibrator is equipped with two additional sets 
of contacts, operating in synchronism with the primary cir- 
cuit interrupter contacts, to provide rectification of the 
transformer secondary voltage. The operation of asimple 
vibrator as a high-speed switching device and its rectifying 
action can be understood by reference to the accompanying 
illustration. 

In this illustration, a vibrating reed is equipped with 
two sets of interrupter contacts arranged so that when one 
set of contacts is closed to complete one primary circuit, 
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the other set of contacts is open to interrupt the other pri- 
mhaty circuit. Two additional sets of contacts, called the 
rectifier contacts, operate in synchronism with the primary 
interrupter contacts. The action of the rectifier contacts 

is identical with the action of the primary contacts; that 

is, when one set of rectifier contacts is closed to complete 
one half of the secondary circuit, the other set of rectifier 
contacts is open to interrupt the other half of the secondary 
circuit. Thus, as shown in part A of the illustration, when 
the upper sets of contacts are open, the lower sets of con- 
tacts are closed, and heavy current flows in the lower pri- 
mary winding of the transformer. Also at this time, the 
lower half of the secondary, marked “’A’', is grounded 
through the lower set of vibrator contacts to complete the 
secondary circuit and produce a voltage at the output ter- 
minals. The polarities of the voltages produced actoss the 
primary and secondary windings of the transformer, which 
are so wound that no phase reversal occurs, are as indicated 
in part A of the illustration. 

When the vibrating reed reverses its position, as shown 
in part B, the upper sets of contacts are closed, and heavy 
current flows in the upper primary winding of the transfor- 
met. Also at this time, the upper half of the secondary, 
marked ''B’', is grounded through the upper set of rectifier 
contacts to complete the secondary circuit and produce a 
voltage at the output terminals. The polarities of the volt- 
ages produced across the primary and secondary windings 
of the transformer are as indicated in part B of the illus- 
tration. 

Assuming a rapid rate of primary switching, the voltage 
developed across the entire secondary is essentially a 
square waveform, as shown in part C. The voltage produced 
in each half of the secondary on alternate half-cycles, 
when combined, results in an output voltage which is es- 
sentially pulsating d-c voltage. Small transients occur in 
the output voltage during the time the vibrator reed is trans- 
fetting from one set of contacts to the other; however, 
these transients are easily removed by a filter circuit con- 
nected to the output of the vibrator supply. 

A synchronous vibrator consists of five basic parts: 

a heavy frame, an electromagnetic driving coil and core or 
pole piece, a flexible reed and armature, two contacts at- 
tached to each side of the reed, and two (or more) station- 
ary contacts mounted on each side of the reed and armature 
assembly. There are two basic electrical variations in 
synchronous vibrators; the first type is called a shunt-drive 
vibrator, and the second is called a series-drive (or sepa- 
rate-drive) vibrator. These names are derived from the man- 
ner in which the electromagnetic driving coil receives its 
excitation, ‘The two types of sychronous vibrators are 
shown in the accompanying illustration; part A shows the 
construction of a shunt-drive vibrator and its graphic sym- 
bol, and part B shows the construction of a series-drive 
vibrator and its graphic symbol. 

The electromagnetic driving coil is mounted on one end 
of the frame, as shown in the illustration, and the reed is 
tigidly clamped in insulating spacers and fixed to the op- 
posite end of the frame. The movable contacts are mount- 
ed on the sides of the reed. The stationary contacts are 
similarly clamped at the end of the frame, on each side of 
the reed, Electrical connections to the vibrator are also 
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made at this point on the frame. The vibrator assembly is 
usually mounted within a sound-absorbing and cushioning 
material, such as foam or sponge rubber, which, in turn, is 
sealed within a metal can. The material placed around the 
vibrator reduces the amount of mechanical noise created by 
the vibrating reed, and the metal can acts as an r-f shield 
to reduce direct radiation of electrical noise. The connect- 
ing leads from the vibrator are brought out to metal prongs 
at the base of thecan, and the complete unit is plugged into 
a special socket in the same manner that an electron tube 
is installed in a tube socket; the socket also grounds the 
can to the chassis to completely shield the vibrator. Since 
the vibrator may require replacement at intervals through- 
out the useful life of the power supply, the plug-in method 
of electrical connection insures convenient and easy re- 
placement of a defective vibrator unit. 

The shunt-drive vibrator, shown in part A, has one end 
of the driving-coil winding connected to the vibrating reed 
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(normally connected to ground); the other end of the winding 
is connected to one of the insulated stationary primary con- 
tacts on the electromagnetic pull (or power) side of the reed. 
As shown in part A of the illustration, all contacts are 

open when the vibrator is at rest; however, when voltage 

is applied to the vibrator circuit through the power trans- 
former primary, current flows through the driving coil and 
causes the reed armature to be pulled toward the pole piece. 
As this occurs, one set of primary contacts, called the pull 
Of power contacts, close to shunt or short out the driving 
coil and also complete one half of the primary circuit. (An 
additional set of pull contacts, called the rectifier contacts, 
close to complete one half of the secondary circuit at this 
time.) The shunting action of the primary pull contacts 
causes the driving coil to lose its magnetic utiruciiun for 
the reed armature and, as a result of the mechanical energy 
stored in the reed, causes the reed to swing back away 

from the pull contacts to interrupt the primary circuit and 
also break the secondary circuit. The inertia of the reed 
carries it back across the neutral (at rest) position to the 
other set of primary contacts, called the inertia contacts, 
closing these contacts to complete the other half of the pri- 
mary circuit. (An additional set of inertia contacts, called 
the rectifier contacts, close to complete the other half of 
the secondary circuit at this time.) While the inertia con- 
tacts are closed, current once again flows through the driv- 
ing coil and causes a high magnetic attraction to be impart- 
ed to the reed armature. As the reed moves away from the 
inertia contacts, these contacts open to interrupt the pri- 
mary clreuit andalso break the lary circuit. The 
cycle is then repeated as the reed is cartied across the 
neutral (at rest) position to close the primary pull contacts, 
thus shunting the driving coil, and also closing the rectifier 
pull contacts to complete the secondary circuit. It should 
be noted at this time that the peak voltage applied to the 
driving coil, during the time the inertia contacts are closed, 
is approximately twice the value of the normal d-c input 
voltage to the supply; this is because the voltage induced 
by autotransformer action in the half of the primary winding 
which is connected to the stationary pul! contact is in 
series with the d-c input voltage. 

By feferring to the diagram of the shuni-drive vibrator, 
it will be seen that when the armature is in the neutral 
position (all contacts open), a complete series citcuit ex- 
ists from the negative side of the input source, through the 
driving coil and puil winding, to the positive side of the dc 
source. For a given value of current, as determined by the 
total resistance in the circuit, the portion of the input volt- 
age that will be dropped across each of the two circuit 
t n direct proportion to the resistance pre- 
sent in each eee Since the transformer primary wind- 
ing offers only negligible resistance to the comparatively 
small and steady d-c current which flows under the con- 
ditions stated, no appreciable voltage will be developed 
across the pull winding. 

When the inertia contacts are closed, the séfies circuit 
through the driving coil and pull winding remains completed. 
The voltage existing across the pull winding and the volt- 
age developed in thei 
ties. Throuah the autot ‘ormer action wi 
actoss the tapped primary, the rapidly changing magnetic 
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field around the inertia winding induces a voltage in the 
pull winding; this voltage has the same polarity as that of 
the inertia winding. As a result, the voltage now present 
across the pull winding will be the difference between the 
induced voltage and the existing voltage. Since the induced 
voltage has the greater value, the polarity of the difference 
voltage will be the same as that of the induced voltage. 

ing effect of on apposing 
voltage netralized, but ft the voltage in the inertia winding 
is effectively aided. 

The series-drive (or separate-drive) vibrator, shown in 
part B, differs from the shunt-drive vibrator just described 
in that it has an extra pair of contacts which are normally 
closed when the vibrator is at test. These contacts, called 
ground connection 


Thus, not 


aiusiing contacts, a 
to one end of the driving ne while the other end of the 
driving coil is connected to the d-c input voltage, either 
through a separate terminal in the vibrator base or to one of 
the stationary primary contacts. As shown in the illustra 
tion (part B), all pull and inertia contacts are open when 

the vibrator is at rest; however, when voltage is applied to 
the vibrator coil circuit, either through a stationary primary- 
pull contact or through a separate terminal in the base, 
current flows through the driving coil and causes the reed 
armature to be pulled toward the pole piece. The reed con- 
tinues to move toward the pull contacts and, as the pull 
contacts close to complete one half of the primary and 
secondary circuits, the starting contacts are opened, caus- 
ing the driving coi! to lose its magnetic attraction for the 
teed armature. The reed now swings back away from the pull 
contacts, because the driving coil has lost its magnetic 
attraction for the reed armature, and the pull contacts open 
to interrupt the primary and secondary circuits. The in- 
ertia of the reed carries it back across the neutral (at rest) 
position to the inertia contacts, closing both the primary 

and rectifier contacts to complete the other half of the pri- 
mary and secondary circuits. At the same time, the start- 
ing contacts close and current once again flows through the 
riving coil to produce a magnetic attraction for the reed 
amature. As the reed moves away from the inertia con- 
tacts, the primary and rectifier inertia contacts open to in- 
iesrupt both circuits; at the same time the starting contacts 
open to interrupt the circuit to the driving coil. The cvcle 
is then repeated as the reed is carried across the neutral 

(at rest} position to close the pull contacts and 
lete the primary and secondary 
noted at this time that if the series-drive vibrator is con- 
nected in the circuit so that the driving coi! receives volt- 
age directly from the input source (through a separate con- 
tact in the vibrator hase), the vibrator will continue to vi- 
brate mechanically, even though the transformer primory 
center-tap and end leads are open. This will not occur with 
the shunt-drive vibrator, since the current to energize the 
driving coil must pass through one half of the primary wind- 
ing. 

The ouipui pulurity of a synchronous vibrator power sup 
ply depends upon the polarity of the d-c input voltage. For 
this Teason, means ae often provided for reversing the d-c 
, the ppononous vibrator is 


the special seven-prong socket into which the vibrator 1s 
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plugged accepts the vibrator in either of two positions. 
When installed in one position a positive output is obtained, 
and when installed in the other position a negative output 
is obtained. In other vibrator installations, a reversing 
switch (or flexible jumpers on a terminal board) is used to 
reverse the secondary-winding (or the primary-winding) con- 
nections to the power transformer. 

Circuit Operation, The accompanying illustration shows 
a typical synchronous vibrator supply using a shunt-drive 
vibrator. (Except for the manner in which connections ae 
made to the driving coil, the operation of a series-drive vi- 
brator 1s essentially the same.) 

Vibrator Gl is a shunt-drive vibrator; transformer T] 
is a special power transformer with a center-tapped pri- 
marty and center-tapped secondary. Bypass capacitor Cl 
and t-f choke RFC] serve as a filter to reduce or eliminate 
impulse electrical noise (or ‘’hash''), originated by arcing 
vibrator contacts, from being radiated by the d-c input 
leads and coupled into other circuits of the equipment. Re- 


o-¢c 
INPUT 


Typical Synchronous Vibrator Supply Using o Shunt-Drive 
Vibrator 


sistors Rl and R2 are connected across the primary inter- 
Tupter contacts of the vibrator to reduce interference and 
sparking and also to increase the life of the vibrator con- 
tacts; the value of Rl ond R2 is usually between 47 and 
220 ohms, depending upon the d-c input voltage and circuit 
design. Resistors Rl and R2 also help to reduce the peak 
amplitude of any transient voltages which might occur in 
the primary circuit becouse of vibrator switching action. 
Capacitor C2, commonly called the buffer capacitor, and 
occasionally referred to as the surge or timing Capacitor, is 
connected across the transformer secondary to effectively 
cbsorb the high transient voltages produced by the induct- 
ive reactance when the ptimary current is interrupted by the 
opening of the vibrator contacts. A resistor of approxi- 
mately 5000 ohms is sometimes connected in series with 
the buffer capacitor to limit the secondary current in case 
the buffer capacitor becomes shorted. The value of a buf- 
fer capacitor depends upon the circuit design (transformer 
tums ratio and effective inductance, vibrator frequency, 
etc), but is usually between .001 and .047 yf. Capacitors 
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used in this application generally have a breakdown voltage 
of from 1000 to 2000 volts. In some circuits a buffer capa- 
citor is connected across the transformer primary. Another 
circuit variation, commonly used with the synchronous vi- 
bretor, uses two buffer capacitors of equal value; a capa- 
citor is connected at each end of the secondary winding to 
ground (chassis). Bypass capacitor C3 and r-f choke RFC2 
form an additional filter to prevent noise (or “hash’’) from 
being coupled to other circuits through the high-voltage, 
d-c output lead. 

When d-c input power is applied to thecircuit, the driv- 
ing coil of vibrator G] is energized to start the reed vibrat- 
ing at its own natural frequency. (The operation of shunt- 
drive and series-drive vibrators was described in consider- 
able detail in previous paragraphs; therefore, a description 
of vibrator switching action will not be repeated here.) The 
current is alternately switched through each half of the 
transformer primary, and, as a result of these alternate 
pulses and the magnetic field they produce in transformer 
Tl, @ stepped-up voltage is induced in the transformer 
secondary. The resulting voltage in each half of the sec- 
ondary is essentially square in waveform. During the 
time that a square wave is being produced in the secondary 
winding, one set of rectifier contacts close in the vibrator 
to connect the proper secondary winding to ground, and cur- 
rent flows through the load resistance. The rectifier con- 
tacts operate in synchronism with the primary interrupter 
contacts and alternately connect opposite ends of the sec- 
ondary to ground; this action causes each half of the sec- 
ondary to supply current to the load resistance on alternate 
half-cycles., Since only one half of the secondary is con- 
nected to the load circuit at any instant, electrons flow 
through the load resistance in pulses to produce a pulsat- 
ing output voltage. (The action is similor to that of a full- 
wave rectifier circuit.) The output of the synchronous vi- 
brator supply is connected to a suitable filter circuit to 
smooth out the dc for use in the load circuit. Because a 
square-wave voltage is switched in synchronism with the 
switching of the primary circuit, and because the frequency 
of the switching is fairly high (usually 100 to 120 cycles), 
very little filtering is required to obtain ¢ d-c output volt- 
age which is free from voltage transients and relatively 
free from ripple. 


FAILURE ANALYSIS. 

General. A quick check to determine whether the vi- 
brator is operating is to listen for the characteristic mech- 
anical buzzing noise which is made by the vibrating action 
of the reed assembly; although the reed assembly is en- 
closed in a sealed con and is cushioned to deaden the 
sound, an audible indication can usually be detected. How- 
ever, this simple check is not a positive indication of cor- 
tect vibrator action, but merely indicates that mevhanical 
action is taking place. 

The most frequent trouble which develops in i vibrator- 
type supply is caused by co defective vibrator or a defective 
buffer capacitor(s). The power tronsformer and the as- 
sociated circuit components generally have a useful life 
which is comparable to the life of the components in a con- 
ventional power supply designed for a-c input. 
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Although certain waveform measurements can be made 
with an oscilloscope to check for correct operation of the 
vibrator supply, this technique will not always immediately 
reveal troubles within the supply, since mechanical de- 
fects which may be of short duration sometimes occur only 
after the vibrator reaches a certain operating temperature. 

An indication of vibrator operation can be quickly ob- 
ained by using an oscilioscupe iv ubseive the voltage 
waveform at the primary of the power transformer. If meas- 
urements are made at each end of the primary to chassis 
(ground), the peak-to-peak amplitude of the square wave 
will be approximately equal to twice the value of the d-c 
input voltage; however, if the oscilloscope vertical input 
1s connected geross the entire primary winding, the peak-to- 
peak omplitide:o of the square wave will be oppros 
equal to four t 
the vibrator circuit is operating normally, a square wave 

ill be observed with relatively smooth transition occurting 
dian the contacts break and during ttie ve 
when another set ot contacts make to produce 
cycle of the waveform. The flat portion of the squure wave 
shonld be relatively smooth; if radical transients appear on 
the Hat port ae of the square wave, this is an indication of 
poor electrical contact caused by chattering or bouncing of 
the contacts, and is a good reason to suspect hat the vi- 
brator is defective. Minor roughness, or “ripple’’, on the 
flat portion of the square wave is not usually sufficient 
cause to reject the vibrator, since this indication merely 
represents some small variation in contact resistance dur- 
ing the time the vibrator Contacts: ate closed. The smooth- 
ess Gi the trans 
square wave, through the voitage reversal salar ofen}, 
19 the other voltage extreme of the square wave is contrall- 
ed by the value of the t (timing) sac the in- 
ductive ragciance of the transtorner, the natural frequency 
of the vibrator reed assembly, and the elapsed time between 
contact Glasuress 

When the symptoms and checks indicate that the vi- 
biotenis Salis bal ly nat fault, it is important that the replace- 
ment vibrator be the same, or an equivalent, type. There 
are many variations in vibrator terminal connections and 
operating characteristics; therefore, tt é teplacement « vis 
brator should be the same type as the original, or at ieast 
a vibrator which is recommenac 
correct teplacement for the original. 

No Output. The syncnronous vibrator supply Consists: 


imes the value of the d< ir 
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thot the trouble is in the filter circuit or the associated 
load. 

If the vibrator-type power supply blows its d-c input 
fuse each time the supply is energized, the vibrator should 
be removed from its socket, and, with a new fuse installed, 
the input power applied once again to determine whether a 
defective vibrator is the cause of excessive input current. 
When burned or pit! ibrator contacts stick together, a 
heavy curreni flows in the 
current is likely to blew the fuse because of the low d-c 
tesistance of the winding. A check of the input current 
should be made with an ammeter to determine whether this 
current is within tolerance, or whether it is excessive. A 
known good vibrator may be substituted for the suspected 
vibrator to determine whether the vibrator is one possible 
of improper operation. Wii 
its socket, continuity : measurements of the trensformer pri 
mary circuit may be made to determine whether the primary 

ling is open, shorted, or grounded. 


ciated primary winding; this 


ted ty 
higher than normal input current to the supply anda very 
low arc voltage at the secondary terminals of the trans- 
former, The replacement buffer capacitor should be tne 
same value as the original capacitor and of equal or great- 
er voltage rating. A leaky or shorted filter capacitor Ci 
will also cause the input current to the supply to be above 
normal. Also, a short in filter copacitor C3 or an open r-f 
choke RFC2 will result in no output from the power supply, 

Low Outpus. A low-output condition in a synchronous 
vibrator-type power supply usually results from a defective 
vibrator, ¢ leaky buffer capacitor, low input voltage, or a 
defective component in the filter circuit. 

A voltage drop in the primory leads to the supply, due 
to the high resistance of a defective termingl or connectut, 
can result in fow output; therefore, the input voltuge should 
be checked at the transformer or vibrator terminals to deter- 
mine whether the input voltage is present and of the correct 
value. 

The a-c voltage may be measured between the center 
tap and each end of the secondary to determine whether the 
two measurements ue equal one spre aimately the values 
specified for normal operation of the supel; 
cedures described for the no-output condition 


sea to determine whether the wi- 


vious potugiaphs can be 
brator is at fault. A defective vibrator with only one set of 
properiy maxing contacts resulis in teduced output froin the 


buted of pitted vibictur 
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Stituted for the suspected vibrator as a quick check to 
determine ‘whether the vibrator is actually at fault. Shorts, 
leakage, or excessive current drain in the filter circuit or in 
the high-voltage load circuit external to the supply will 
couse a heavy load on the vibrator contacts, and may 
cause early failure of the vibrator. The output load cur- 
rent should be measured after installation of a replacement 
vibrator to determine whether the load current is within 
tolerance; if the load current is excessive, the replacement 
vibrator may be damaged unless the cause for the exces- 
sive load current is found and corrected. 

In one circuit variation of a synchronous vibrator supply, 
buffer capacitor C2 is actually two capacitors; one capa- 
citor is connected at each end of the transformer secondary 
to ground (chassis). If one of these buffer copacitors be- 
comes shorted, the output voltage will be reduced accord- 
ingly. 

Continuity measurements of the primary and secondary 
windings of transformer T1 should be made, since an open 
circuit in either of the windings will cause a reduction in 
output. 

The power supply output current should be checked to 
make sure that it is within tolerance. A low-output cond- 
ition due to a decrease in load resistance will cause an in- 
crease in load current; for example, excessive leakage in 
the capacitors of the output filter circuit will result in in- 
cteased load current. 
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PART D. FILTER CIRCUITS 


POWER-SUPPLY FILTERS. 

General. While the output of most types of rectifiers 
is a pulsating direct current, most electronic citcuits re- 
quire a substantially pure direct current for operation. To 
provide this type of output, single or multiple-section filter 
circuits (y ctively eliminate any alternating or 
Hpelewoltage components by smoothing out the d-c pulsa- 
tions) are placed between the output of the rectifier and 
the load. E 

Filtering is accomplished by means of resistors or 
inductors, and copacitors, which are usually arranged as a 


low pass filter. Inductors, as series impedances, oppose 
the flow of alternating (ouleating d-c} current, while 


capacitors, as shunt elements, by- pass the alternating com- 
ponents that succeed in passing through the series impedances. 
{Resistors are used in the place of inductors for very low- 


.) The four besic types. of 


the shunt-capacitor filter, the R-C capacitor-input filter, 
the L-C capacitor-input filter, and the L-C choke-input 
filter. A fifth type of filter, the resonant filter, employs 
one of the basic filter configurations in conjunction with a 
series-resonant, or parallel-tesonant circuit. 
Shunt-Capacitor Filters. The shunt-capacitor filter 
(which is discussed more thoroughly later in this section) 
is the simplest type of filter. As shown in part A of the 
accompanying diagram, it consists of only a single filter 
element, capacitor C, connected across the rectifier in 
parallel with the load. In order to obtain good smoothing 


outpul 


CHARGE DISCHARGE 
= a3 
FROM + re 
RECTIFIER cl R, {LOAD} 
A 
PEAK 
VOLTAGE OUTPUT 


INPUT 
FROM 
RECTIFIER 


Shwnt-Capacitor Filter and Associated Waveforms 


action when using this filter, the R-C time constant of the 
Circuit should be large. Hence, both the capacitance and 
the load resistance should be jorge. Setter filtering aiso 
tesults when the ripple frequency is high. 


Pert B of the diccram 


illustrates the input and output 
waveforms of the sharit=cabacitor filter, using a medium 

to large value of capacitance in a full-wave rectifier circuit. 
Capacitor C initially peck value of the 
tho load (Hi) 


‘lhe charge and discnarge of U 15 


applied vol 
the rectified pulses, 
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indicated in part A of the diagram as is the polarity of the 
voltage developed across the capacitor and the load. 

The chief disadvantage of the shunt-capacitor filter is 
poor tegulation, which precludes its use in most power- 
supply applications. However, the advantages of simplicity 
and effectiveness recommend its use in some high-voltage 
applications in preference to more elaborate filters. It 
finds wide use in power supplies that turnish high-voltage 
anode potentials to cathode-ray and similar tubes where the 
current drain is insignificant. 

R-C Capacitor-Input Filters. The addition of a series 
resistor and a second shunt capacitor to the shunt-capacitor 
filter results in the basic R-C capacitor-input filter, as 
shown in the accompanying diagram. Because of its 
resemblance to the Greek letter oi (77), it is known as a 


pi-section filter. The input to tie filter is tue Uuipui voliuge 


FROM 
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R-C Capacitor-Input Filter and Associated Waveforms 


from the rectifier developed across input capacitor Ch. 
Tydicai waveiorms of these volt 
diagram. 

Roth the a-c and d-c components of the rectified cur- 
rent flow through series tesistor Rl. Be: the reactance 
oi C2 is small at the frequency of 


l 

pulsation, most of the 
a-c component flows through this capacitor and is bypassed 
to ground around the load resistor. The d-c cnmnonent 
flows through load resistor R2. ‘The charging and dis 
charging of C2, due to the passage of the pulsating com- 
ponent, results in a smoothing out of the ripple fluctuations, 
and a relatively pure direct current is delivered to the load, 
as is indicate? py the output waveform. 

The reduction in output voltage due to the excessive 
voltage drop across the series filter resistor when ioad 
current is high makes the 8-C filter impracticable for most 
applications requiring even a moderate amount of current. 


current applications. 


decoupling net: 
decoupling 2 


L-C Capa: The basic L capacitor- 
inout tilter nas an identical Coniiauration, ang is simiar 
in every respect to the > capacitor-input filter with one 
exceplion— a coll Gron-core inducton) sevluces te 


selies TesiStor in the pi-section ne 


tor-Input Filters. 


Owork, US shown in the 


accompanying illustration. The 1-C capacitor-input filter 
is probably used to a greater extent than any other type of 
filter in power-supply application % 
section comprising L and CZ 
rectifier, d 


veloded across capacitar Cl 
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L-C Capecitor-Input Filter and Associated Waveforms 


working together, materially reduce the a-c component 
temaining in the voltage across Cl, and thus supply a 
substantially pure d-c output voltage to the load. 

As in the case of the shunt-capacitor filter, and also 
the R-C capacitor-input filter, the poor regulation of the 
L-C capacitor-input filter is a major disadvantage. In 
fact, assuming equal values of C, the regulation of a power 
supply using an L-C capacitor-input filter is actually 
worse than that of a power supply using a shunt-capacitor 
filter. An advantage of the capacitor-input filter is the 
provision of a much higher output voltage than can be 
obtained from a comparable filter of the choke-input type. 

L-C Choke-Input Filters. ‘With the elimination of 
capacitor Cl, the L-C capacitor-input filter becomes an 
L-C choke-input filter. This type of filter, together with 
the associated waveforms, is illustrated in the accompany- 
ing diagram, 
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When rectified pulses are applied to the choke coil 
(series inductor L), the inductance opposes any change 
in current through the coil. Thus, the inductance of the 
coil acts to oppose any increase in current during the 
tapid positive excursion of the pulses, as well as any 
decrease in current during the equally rapid negative ex- 
cursion of the pulses. This action tends to keep a constant 
current flowing to the Joad throughout the cycle. Because 
of this, the pulsating voltage (resulting from the inductance 
effect) which is developed across capacitor C is maintained 
relatively constant at a value which approaches the average 
value of the input voltage. The low reactance presented by 
capacitor C to the pulsating component functions to de- 
crease the ripple amplitude in the output and thereby to 
inctease the average d-c output voltage. 

One disadvantage of the choke-input filter is the 
significantly lower output voltage of this type of filter as 
compared with the higher voltage provided by a comparable 
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filter of the capacitor-input type. Another disadvantage, 
concerned with economics, is that for equivalent filtering, 
the choke-input filter must employ higher-value components 
than are required in the capacitor-input filter. 

However, the advantage of lower peak currents in the 
choke-input system, which effects important savings in 
tube and transformer costs, somewhat offsets the second 
disadvantage mentioned in the preceding paragraph. Two 
additiona! advantages of the choke-input arrangement, in 
comparison with the capecitor input arrangement, are a 
greater power capability and much better d-c voltage 
regulation. 

Multiple-Section Filters. To further enhance the 
filtering action and provide a smoother rectified output 
voltage (beyond that possible with the simple filter circuits 
discussed in the preceding paragraphs), one or more addi- 
tional sections may be added to the basic filter circuit. 
The accompanying diagram illustrates two multiple-section 
filters. The capacitor-input type is shown in part A, and 
the choke-input type is shown in part B. Representative 
waveforms indicating the approximate shape of the voltage 
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Multiple-Section Copacitor-Input and Choke-Input Filters 


at several different pcints in each type of multi-section 
filter are included in the illustration. 

Multiple-section filters are effective in those applica- 
tions where only a minimum ripple content can be tolerated 
in the rectified output voltage to the load. If the ripple 
attenuation ratio of one L-C section is 100 te 1, then an 
over-all 10,000-to-1 attenuation ratio will be obtained with 
two such sections, and a 1,000,000-to-1 attenuation ratio 
with three L-C sections. ‘hile additional filter sections 
do reduce the ripple component in the output to a minimum, 
they also result unfortunately, in reduced regulation. With 
additional sections, more resistance is placed in series with 
the power supply, which causes greater variations in the 
output voltage with variations in the load current. Most 
multiple-section filters consist of a combination of identical 
tiple-section filters are not 


L-C sections. However, mul 


4-D-2 


ELECTRONIC CIRCUITS NAVSHIPS 900,000.102 POWER SUPPLIES 


restricted to this type of design; combinations of L-C and 
R-C sections may be used effectively to satisfy specific 
filtering requirements in certain applications. 
Resonant Filters. Resonant filters cre incorporated 
in the design of some power-supply ciccuits. This type 
of filter is usually made up of two basic types of circuits. ve 
One common type of resonant filter ses series- 
resonant (or a parallel-reso: ait in conjunction —— = 
with one or more L-C filter sections. Another type employs 
a parael-rescnant circuit with shunt capacitors in a pi- 
section filter arrangement. This type of resonant filter is 6 
shown in the accompanying illustration. 
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is tuned to the fundamental ripple frequency, and is + CTE 
connected in series with the output of the rectifier. Since 
this type of circuit presents an extremely high impedance ! 
at resonance, the fundamental-ripple-frequency component i { 
will therefore be greatly attenuated in the output voltage { Y V 
to the load. 8 c 
Two setious disadvantages which limit the use of the SINGLE -PHASE, FULL~WAVE RECTIFIER 
resonant filter are as follows: (1) A change in the 
inductance of L with a change in load current results 
in detuning of the circuit, and thus ¢ loss in its effective ; F 


ness. (2) Harmonics see a much lower impedance than 1 cycLe-—-—w4 
the fundamental ripple frequency (since the circuit is tuned + 


{ 
to the funduimerital}, and are therofore less effectively a a a: a a a 
Thats N rab t Cs, 


The parallel-resonant circuit, consisting of L and C, 


attenuated. A conventional L-C filter section is sometimes | 

added to the resonant filter shown in the {Mustration to t a ae a 
: f 4 t b 

offset the tatter disadvantage. 
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eC ato is 
rectifier output waveforms (parts B, C, B, and E). Por 

st, port A shaws the smooth d-c output of a battery. 
The frequency of voltage pulsation, or ripple frequency, is 
different for each of the rectifier output wavelorms. The 
output of a single-phase, halfewave :ectifier, show? 
part B, oroduces pulsations at the frequency of the applied 
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tions at twice the frequency of the applied a-e voltage 
because both altemations of the input voltage are recti- 
fied. The output of a three-phese, half-wave rectifier, 
shown in part D, produces pulsctions at three times the 
frequency of the applied veltace; tt 


he qutput of a three- 
phase, full-wave rectifier, shown in part E, produces 


pulsations at six times the frequency of the applied voltage. 


From a comparison of the four typical output waveforms, 
it can be seen that for an applied a-c voltace of 2 given 
frequency, each of the rectifier circuits produces a different 
tipple frequency. Also, it will be noted that when the 
output pulses overlap (as shown in perts 5 and ©), an 
increase in ripple frequency results in a decreuse in 
tipple amplitude. As the ripple frequency is increased and 
the ripple amplitude is decreased, the rectifier output be- 
comes easier to filter. 

It is desirable to furnish a voltage to the load which 
is free from any ripple component; however, there ate 
several practical limitations (over-all regulation character- 
istics of the power supply; size, weight, and design of 
filter components; cost of components; etc) which influence 
the extent of filtering which is possible. Furthermore, 
the equipment design may tolerate a smal] percentage of 
tipple without any adverse effects upon equipment per- 
formance. As a result, the filtered output from the rectifier 
circuit may contain a small amount of residual ripple 
voltage which is applied to the load circuit. 

Part A of the accompanying illustration shows ¢ typical 
single-phase, full-wave rectifier system using a choke- 
input filter to provide d-c voltage to a resistance lead. The 
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idealized curves of part 2 of the illustration show the 
shape af the output voltage from. the tectifier, together with 
that of the voltase across the load. Since the output volt- 
age of the rectifier can be considered as consisting of a 
d-c component apon which is superimposed an a-c ripple 
voltage, it can be snown that (by means of a Fourier 
analysis) the d-c component of the output wave is 2/77 
times the peck value of the a-c input wave. The lowest 
frequency component of ripple in the output is twice the 
input frequency and two-thirds the magnitude of the d-c 
component of the output voltage. The remaining ripple 
components are harmonics of this lowest-frequency com- 
ponent, onc rapidly diminish in amplitude as the order of 
harmonics is increased. This is graphically illustrated 

in the accompanying tabulation, which provides pertinent 
chatacteristcs of three of the four rectifiers consideted in 
this discussion. 


Rectifier Circuit 


Note: Relative voltage Single  Three- = Three 
amplitudes are with ref- Phase, Phase, Phase, 
erence to the d-c com-  Full- Half- Full- 
ponent of output volt- Wave Wave Wave 
age, taken as 1.0. (Center- 

tapped) 


a. RMS value of trans- 
former secondary 
voltage (one-half} 1.11 0.855 0, 428 
b. Maximum inverse 
voltage 3.14 2.09 1.05 
c. Lowest frequency 
in rectifier output 
(F = frequency of 
applied a-c voltage) 2F 3F 6F 
d. Peck value of first 
three a-c components 
of rectifier output 
(ripple frequency): 
Fundamental 0.667 0.250 0,057 
Second harmonic 0.133 0,057 0.014 
Third harmonic 0.057 0,025 0.006 
e. Ripple peaks with 
reference to d-c 
axis: 


Positive peck 0.363.—«(0.209 0.0472 
Negative seak 0.637 0.395 0.0930 


Characteristics of Three Typical Rectifier Ciscuits 
Having Choke-Input Filter Systems 


In addition to the ripple frequencies present and 
their respective magnitudes, another very important 
factor which must also be considered is the amount (per- 
centage) of residucl ripple that can be tolerated by the 
equipment which uses the filtered voltuge from the 
rectifier system. The effectiveness of the filter circuit 
in this respect is determined from the ratio of the ms 
value of the ripple veltage to the average value of the 
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output voltage. This ratio is expressed as percentage 
of ripple, as follows: 
Ey 
Percentage of ripple = ____ 
Eav 
Where: E, = effective (rms) value of rippie voltage 
Eay = average value of output voltage 
As a sine wave, the effective (rms) value of ripple voliage 
can be expressed by the following equation: 
E, = 0.354 (emax-€min) 
(Refer to preceding tabulation of rectifier voltage relations 
for percentage values of emax and egin.) An alternate way 
of stating the percentage of ripple, which may be found 
preferable in some instances, is (for a single-section filter) 
as follows: 


x 100 


mc 


Percentage of ripple = ——~—— 
baleen | 


where: Xo = filter capacitance reactance 
Xx = filter inductive reactance 
C= filter capacitance in microfarads 
L= filter inductance in henries 
The factor m equals 70 for a single-phase, iull-wave 
rectifier, 24 for a three-phase, half-wave rectifier, and 5 
for a three-phase, full-wave rectifier. 
For a double-section filter, the expression becomes: 


Percentage of ripple =A 


in a filter system, as tne irequency of the applied voltage 
is increased (in this case a ripple voltage}, the reactance 
of a shunt capacitor decreases and the recctance of ¢ series 
inductance increases. This means that the filtering 
effectiveness of any filter made up of shunt capacitance 
and series inductance is increased as the frequency of the 
applied voltage is increased; thus, at the higher ripple 
frequencies, filter components ci smailer size und lighter 
weight can be used to provide the same degree of filtering 
as can be obtained at lower ripple frequencies with filter 
components of larger size und heavier weight. 

Voltage Regulation. The output voltage of a power 
supply decreases as the load current increases Decause ot 


MOINY ING jhiustration compares 
rectifier 


power to an identical r 


rile the ciitput voltae fot each volue of sf load ent is 

higher for the capacitor-input arrangement, the regulation 

of the power supply is far greater for the choke-inpui filte. 
_ Further study ot He curves reveals that in the case 


change in foad current irom orcund 


175 volts. For the same change in load current in the 


case of the the d-c-gutpur-yéliage 
case of the choke input, the d-c output voltage drops fi 
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CAPACITOR INPUT 


CHOKE INPUT 


D-C OUTPUT VOLTS TO LOAD 


_ i 
"9 50 100 180 200 250 
D-C LOAD CURRENT (MA) 


Comparison of Voitage-Regul ation Characteristics for 
Capacitor-Input and Choke-Input Filters 


400 volts to 350 volts, or a total of only 50 volts (as 
compared with the 175 volts for the capacitor input). 
Voltage regulation is a measure of the degree to which 
a power supply maintains its output-voltage stability 
under varying load conditions. The amount of change u. 
the output voltage between the no-load and full-load 
conditions is usually expressed in terms of the percentage 
of Hears tegulation. The percentage of voltage regulation 


in bee S100, ‘This can be expressed as follows: 


E,) 


Percentage of voltage regulation = x 100 


Ez 


where: E: = no-load output voltage 
c RAN aN ont ear cael esas 
Be = full-load sutpy voltage 
An ideal power supply would have zero internal resist- 
ence (impedance), and the percentage of regulation would 
Le cero because there would be nc difference between the 
output voltage for the no-load and full-load conditions. 
However, since tnis 1S not practicable, then mn 1e lower 


generally have a requlstion 


wetter than that of the capaciter-inpe! 


that sore minimum value of load current flows through the 
choke at all times. Under this condition, the output 
voltage changes cn. ¥ slightly with small changes in lead 
culrent. wever, if the load current is reduced to 
approach a no-load condition, ite Choke cuiot prevent the 
associated filter capacitor from charging to the peak value 


iow velue, or if 


ome circuit operat: 
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is the case, on additional lood in the form of a 
resistor, called c bleeder resistor, Joced actoss the 
output of the filter to improve the regulation and establish 
mum value of load current for the supply. This 
minimum value of current, which flows through the filter 
choke, improves the regulation of the power supply. The 
value of the current drawn by the bleeder resistor is 
ususlly 10 to 15 percent of the tote! current available from 
the supply. 

The bleeder resistor across the output terminals of 
the power supply not only assists in maintaining good 
voltage regulation, but also prevents the capacitors in 
the filter system from charging up to the peak value of the 
cpplied voltage. In addition, the bleeder reduces the 
possibility of electrical shock to personnel, because the 
capacitors will discharge through the bleeder resistor 
after the power supply has been turned off. In many 
power supplies the bleeder resistor takes the form of a 
voltage divider, either c tappe? resistor or a number of 
series resistors selected so that several values of output 
voltage can be supplied to various loads having different 
voltage and current requirements. 

Filter Capacitors. A common type of capacitor used 
os a filter element in many receiver-type power-supply 
circuits is the d-c electrolytic capacitor. Within the 
container af the electrolytic capacitor, rolled aluminum- 
foil plates are immersed in an electrolyte which is 
commonly an aqueous solution of boric acid and sodium 
borate. The actual dielectric in this type of cepacitor is 
the thin oxide film which forms on one set of plates in the 
presence of a d-c polarizing voltage. The aluminum foil 
acts as the anode (positive terminal), and the electrolyte 
ects as the cathode (negative terminal) of the electrolytic 
capacitor. 

There are two general types of electrolytic capacitors— 
the wet type and the dry type. The physical characteristics 
of the electrolyte used determines the particular type of 
capacitor. The wet type uses an aqueous electrolyte in a 
metal container; the dry type uses a viscous or paste 
electrolyte, and is available in either a paper (cardboard) 
or metal container. 

The most common working voltages for electrolytic 
capacitors (both types) run between 6 and 600 volts. 
Practical values of capacitance run anywhere from 1 or 
2 microfarads to as high as 2000 microfcrads, the parti- 
cular value depending on the requirements of a given 
application. 

In keeping with the necessity for a wide range of 
working voltages and capacitance values, electrolytic 
capacitors ate available in a variety of physical sizes. 
Generally speaking, the higher the voltage and the 
greater the capacitance, the larger the physical size. For 
low-voltage applications, much greater capacitance is 
provided in units of smaller size than paper-type capacitors 
Gahich provide only about one ten-thousandth as much 
capacitance). 

Multiple-section electrolytic capacitors, which have 
two or more capacitor units housed in a single container, 
cre extensively used in receiver power-supply circuits. 
For example, o pi-section filter circuit may use a dual- 
section electrolytic capacitor having two 8-microfarad 
sections, one connected on each side of the series filter 
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element. However, the capacitance of the different 
sections need not be the same. In c typical three-section 
capacitor, for instance, each section may have a different 
capacitance, or two sections may have the same value and 
the third section a different value. Any number of combina- 
tions are possible, and standardization is the exception 
father thon the rule. 

In addition to the electrolytic capacitor many other 
nonpolorized types of capacitors are in use; for example: 
paper-foil, wax-impreanated or oil-impreqnated, oxide 
film, mica, and ceramic. For high-voltage applications 
such as transmitter power supplies, the individual units 
are larger and have insulated bushing-type terminals. The 
higher the voltage, the larger the unit for a given capaci- 
tance. Poper-foil types are generally used at voltages 
from 750 to 2500 volts. Oil-impreqnated tyoes are used 
for voltages of 1500 to 3500 volts (up to 30 kv for large 
commercial installations). Mica andceramic capacitors 
are generally used as blocking capacitors or in tuned 
filters, since their size is usually limited to values less 
than 0.25 microfarad. Small, hand-portable equipments. 
sometimes use series-connected receiving or low-voltage- 
type electrolytic capacitors for economy (the price of two 
low-voltage units is considerably lower than one high- 
voltage unit). Since the introduction of transistors, ex- 
tremely low-voltage (2, 4, 6, and 12-volt) capacitors of 
very small physical size, with capacitance values on the 
order of 50, 100, and 150 microfarads or more, are in 
common use to supply high currents at the low voltages 
employed. These capacitors are used in power supplies 
which eliminate the necessity for, and expense of, battery 
replacement. 


SHUNT-CAPACITOR FILTER. 


APPLICATION. 

The shunt-capacitor filter, as previously stated, is 
the simplest type of filter. The application of this filter 
is very limited; it is sometimes used in extremely high- 
voltage, low-current power supplies for cathode-ray and 
similar electron tubes which require very little load 
current from the supply. This filter is also used in applica- 
tions where the power-supply ripple frequency is relatively 
high, e.g., to filter the output of a dynamotor. 


CHARACTERISTICS. 

Capacitance and load-tesistance values must be high 
{large R-C time constant required). 

Load current must be relatively small if filter is to 
have good regulation. 

Filtering efficiency increases as ripple frequency is 
incteased. 

Regulation of rectifier-type power supply is poor with 
this type of filter; voltage regulation depends mainly 
on value of capacitor. 


CIRCUIT ANALYSIS. 

General. The rectifier circuits previously described 
in this section of the handbook provide a rectified output 
voltage, across the load resistance, which has a pulsating 
waveform. The accompanying illustration shows a simple 
shunt-capecitor filter and the waveforms obtcined when the 


4-D-6 


ELECTRONIC CIRCUITS NAYSHIPS 


input to the filter is obtained from either a half-wave or 
a full-wave (singie-ohase) rectifier circuit. 
tu 
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the internal resistance of the rectifier, both of which 

cre relatively low; therefore, the ©-C charge tire for the 
circuit is relatively ¢ the oulscting 
voltage is first sealed t to the shunt-capacitor filter, the 
cavaciter chars ost reaches the peak 
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output voltage. For this reason, the shunt-capacitor filter 
is seldom used with rectifier circuits that must supply a 
relatively large load current. 

The pulsations across capacitor C and load resistance 
Rx, no matter how small in amplitude, are in effect a 
form of distortion. Although these pulsations represent a 
fundamental frequency, many other frequency components 
are also present in the output. In the majority of equipment 
applications, the presence of a ripple-voltage component 
is not desirable; therefore, for most equipment application 
it is impracticable to use a simple shunt-capacitor filter; 
additional filtering (or another type of filter) is 
necessary to reduce the ripple amplitude to an acceptable 
minimum, 

Detailed Circuit Operation. Consider now a complete 
cycle of operation, using a single-phase, half-wave 
tectifier operating with shunt capacitor C and load 
resistance Ri, shown in the preceding illustration. 
Capacitor C is assumed to be large enough to insure 
small reactance to the pulsating rectified current. The 
tesistance of Ri is assumed to be much greater than 
the reactance of C at the input frequency. 

When the circuit is enetgized, the rectifier conducts 
on the positive half of the cycle, and current flows into 
and charges capacitor C to approximately the peck value 
of the input voltage. The charge is less than the peak 
value of voltage by the amount of the voltage drop across 
the rectifier tube. The charge on C is indicated by the 
heavy lines on the waveforms in parts B and C of the 
illustration. 

On the negative half-cycle the rectifier cannot 
conduct, since the plate is negative with respect to the 
cathode. During this interval, capacitor C discharges 
through load resistance Ri. The discharge of C produces 
the downward slope of the heavy lines in parts B and C 
of the illustration. In contrast to the abrupt fall of the 
applied a-c voltage from peck value to zero (shown in 
dotted lines}, the voltage actoss C (and thus across Ri) 
during the discharge period decreases at a gradual rate 
until the time of the next nalf-cycle of rectifier operation. 
For a given value of load current, the value of C determines 
the rate at which the discharge voltage decreases. This 
rate of voltage decline and the value of C are inversely 
telated. Thus the rate is greater for smaller values of C 
and less for greater values of C. This indicates that for 
the same load current, if C (or RL} is increased, the 
tipple component in the output to the load is decreased. 
{A longer time constant requires a longer time to charge 
and discharge.) 

Since practical values of C and Rx insure a more 
or less gradual decrease of the discharge voltage, a sub- 
stantial charge remains on the capacitor at the time of 
the next half-cycle of operation. As a result, no current 
can flow from the rectifier until the rising a-c input voltage 
on the rectifier plate exceeds the voltage of the charge 
remaining on C, because this charge voltage is the 
cathode-to-ground potential of the rectifier tube. When 
the plate voltage exceeds the charge voltage across C, 
the rectifier again conducts, and again charges C to 
approximately the peak value of the applied voltage. 
Shortly after the charge on the capacitor reaches its peak 
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value, the tube stops conducting. Because the fal! of the 
a-¢ input voltage on the plate is considerably more rapid 
than the decrease in the capacitor voltage, the cathode 
quickly becomes more positive than the plate, and the 
rectifier ceases to conduct. During the charging period, 
capacitor C is connected across the output of the 
rectifier, and the charge time isdetermined by the 
effective series resistance, which is only that of the 
tube plate-to-cathode (forward) resistance and the trans- 
former impedance, plus that of the leads to the tube and 
capacitor. Hence, the resistance is low and C charges 
very quickly. During the nonconducting period, the dis- 
charge path is through Rx, which is relatively large, so 
that the time constant is long. Thus capacitor C does not 
discharge appreciably before the conduction cycle again 
begins. 

The repeated charge and discharge of capacitor C (cs 
described above) with the respective rise and fal! of 
the input voltage constitutes the basic filtering action 
of this circuit. To reduce the ripple amplitude and 
increase the d-c component in the output voltage, capacitor 
C charges up and stores energy when the tube is conductin 
and discharges to furnish current to the load when the 
tube is nonconducting. 


3 
Using Ghms law, R= ——, it is evident that a heavy 
I 


cutrent drain, for the same output voltage, represents 

a lower load resistance. Therefore, with a heavy load 
and lower Ri, capacitor C discharges more quickly. 
Since the output voltage represents the average charge 
retained in the capacitor, it can be seen that with 

heavy loads the capacitor will discharge further between 
the periods of tube conduction. Hence, the output voltage 
will also be lower. This is why the single-capacitor 
filter is used only for very light current drains. Since 
the output voltage for heavy loads is lower and the output 
ripple voltage component is also higher, the effective 
filtering is good only for light loads. 


FAILURE ANALYSIS. 

General. ‘ith the supply voltage removed from the 
input to the filter circuit, one terminal! of the filter 
capacitor can be disconnected from the circuit. The 
capacitor should be checked, using a capacitance analyzer, 
to determine its effective capacitance and leakage resis- 
tance. During these checks it is very important that 
correct polarity be observed. A decrease in effective 
capacitance or losses within the capacitor can cause 
the output to be below normal and also cause excessive 
tipple amplitude. 

If a suitable capacitance analyzer is not available, 
an indication of leakage resistance can be obtained by 
using an ohmmeter. Resistance measurements can be 
made across the terminals of the capacitor to determine 
whether it is shorted, leaky, or open. When testing 
electrolytic capacitors, set the ohmmeter to the high 
tange and connect the test prods across the capacitor, 
being careful to observe polarity. This is important 
because current flows with less opposition through an 
electrolytic capacitor in one direction than in the other. 
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If the correct polarity is not observed, an incorrect reading 
will result. ‘hen the test prods are first connected, a 
large deflection of the meter takes place, and then the 
pointer returns slowly toward the infinite-ohms position 

as the capacitor charges. For a good capacitor with a 
rated working voltage of 450 volts, de, the final reading 

on the ohmmeter should be over 500,000 chms. (A rough 
rule of thumb for high-voltage capacitors is at least 1000 
ohms per volt.) Low-voltage electrolytic capacitois (below 
100 volts rating) should indicate on the order of 100,000 
ohms. 

If no deflection is obtained in the ohmmeter when 
making the resistance check explained above, an open- 
circuited capacitor is indicated. 

A steady full scale deflection of the pointer at zern 
ohms indicates that the capacitor being tested is short- 
circuited. 

An indication of a leaky capacitor is a steady read- 
here between zero and the 
mum acceptable value. (Be certain this reading is not 
caused by an in-circuit shunting part.) To be valid, 
these capacitor checks should be made with the capaci- 
tor completely disconnected from the circuit in which it 
operates, 

Tn high-voltage filter capacitor applications, paper 
and oil-filled capacitors are used, as also are mica and 
cetamic capacitors (for low-capacitance values). in 
this case, polarity is of no importance unless the capacitor 
terminals are marked + or -. It is, however, good 
maintenance practice to use the output polarity of the 
circuit as a guide, connecting positive to positive and 
negative to negative. Thus any effects of polarity on 
circuit tests are minimized and the possibility of damage 
to components or test equipment is avoided. Remember- 
an undischarged capacitor retains its polarity and holds 
its charge for long periods of time. To be safe, discharge 
the capacitor to be tested with the power OFF before 
connecting test equipment or disconnecting the capacitor. 

A simple check which can be used to quickly determine 
wethes the opocitor is at fault is to substitute a known 
capacitor of the same value and voltage rating and 
whether the cir n ceturns to normal. 
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R-C CAPACITOR-INPUT FILTER. 


APPLICATION, 

R-C capacitor-input filter is Limited to appli- 
cations in which the load current is small. This type of 
filter is used in power supplies where the load current 

is constant and voltege regulation is not necessary, such 
23 in the high-voltage power supply for o catnode-ray 
tube ot as part of a de-coupling network for multistage 
amplifiers. 


CHARACTERISTICS, 

Filter is composed of shunt inout capacitor, series 
resistor, and shunt output capacitor. 

Pica efficiency increases as tipple frequency is 


corresponding Uiter wni 
tesistor, 
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Regulation of rectifier-type power supply is poor 
with this type of filter; requires relatively constant load 
current. 
Rectifier peak current is high with this circuit be- 
cause of input capacitance. 


CIRCUIT ANALYSIS. 

The rectifier circuits previously described in this 
section of the handbook provide a rectified output 
voltage (across the load resistance) which has a 
pulsating waveform. The accompanying illustration 
shows an R-C capacitor-input filter and the waveforms 
obtained from either a half-wave or a full-wave (single- 
phase) rectifier circuit. 
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R-C Capacitor-lapwt Filter and Waveforms 


The waveforms shown in part A represent the unfllter- 
ed output from a typical rectifier circuit when current 
pulses flow through the load resistance each time the 
rectifier conducts. Note that the dashed line indicat- 
ing the avetage value of output voltage, Eay, for the 
half-wave rectifier is less than half the amplitude of 
the voltage peaks (approx 0.31). The average value of 
sutput voltage, Eav, for the full-wave rectifier fs greater 
than half (approx 0.627), but is still much less than the 
peak umblitude i j 


9 large value of 
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pulsating component as compared with the average (or 
d-c) component. 

The R-C filter shown in the schematic of the 
illustration consists of an input filter capacitor, Cl, a 
series resistor, Rl, and an output filter capacitor, C2. 
This filter is called an 8-C capacitor-input filter, and 
is sometimes referred to as an R-C pi-section filter be- 
cause the configuration of the schematic resembles the 
Greek letter 77. 

Capacitor Cl is placed at the input to the filter, and 
is in shunt with the output of the rectifier circuit; 
capacitor Cl has the same filtering action in this circuit 
that the capacitor does in the SHUNT-CAPACITOR 
FILTER, described earlier in this section of the hand- 
book. In the capacitor-input filter, the major portion 
of the filtering action is accomplished by the input 
capacitor, Cl. The average value of voltage across 
capacitor Cl is shown in part B of the illustration for 
half-wave and full-wave rectifier circuits, Note that 
the average value of voltage across capacitor Cl is 
greater than the average value of voltage for the un- 
filtered output of the rectifier, shown in part A. The 
value of the input capdcitor is relatively large in order 
to present a low reactance (Xc) to the pulsating current, 
and to store a substantial charge. The rate of charge for 
the input capacitor is limited only by the impedance of the 
a-c source (transformer) and the internal (or forward) 
tesistance of the rectifier, both of which are relatively 
low; therefore, the R-C charge time constant for the 
input circuit is relatively short. As a result, when the 
pulsating voltage is first applied to the capacitor-input 
filter, capacitor Cl charges rapidly and reaches the peak 
voltage within the first few cycles. The charge on capacitor 
Cl approximates the peak value of the pulsating voltage 
when the rectifier is conducting, but when the rectifier 
output falls to zero, the capacitor partially discharges 
through the series resistor, Rl, and the load resistor, 
Rx, during the time the rectifier is nonconducting. The 
larger the value of the input capacitor, Cl, the better the 
filtering action; however, there is a practical limitation to 
the maximum value of the capacitor. If the peak-current 
tating of the rectifier is exceeded during the charging 
time for the capacitor, the rectifier will be damaged; for 
this reason, a compromise in the value of the input 
capacitor is necessary in order to keep the maximum 
charging current within the peak-current rating of the 
rectifier. 

The R-C capacitor-input filter is similar to the L-C 
CAPACITOR-INPUT FILTER, described later in this 
section, except that a resistor is used in place of the 
series inductor. Although the series resistor affords 
filtering action, a resistor can never be as effective 
as an inductor unless a considerable d-c voltage drop can 
be tolerated. However, the R-C capacitor-input filter 
circuit is an improvement over the shunt-capacitor filter, 
described earlier in this section, because additional 
filtering results from the added reactances of resistor 
Rl and capacitor C2, 

The pulsating output from the rectifier circuit, 
which is applied to the input of the filter, can be con- 
sidered as being composed of two components: an a-c 
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component, represented by pulsations, and a d-c component, 
represented by the average value of voltage (Eay). 
Because these pulsations occur at a relatively low 
frequency (which is the input frequency for a half-wave 
rectifier, or a multiple of the input frequency for full-wave 
and other types of rectifiers), the value of the shunt 
capacitors, Cl and C2, is purposely made large so that 
their reactances are very low at the pulsating (ripple) 
frequency. Both the a-c and d-c components of the 
rectifier output (present at the input to the filter) flow 
through the filter resistor, Rl; therefore, a voltage drop 
oceurs across Rl, which results from the voltage-divider 
action of resistor Rl in series with the paralle! combina- 
tion of capacitor C2 and load resistance Rp. Since the 
teactance of C2 is very low at the ripple frequency, 
most of the a-c component bypasses the load resistance, 
Ri, and the d-c component flows through the load 
resistance. The efficiency of the filter depends, toa 
great extent, upon keeping the reactance of capacitor C2 
very small as compared with the load resistance, RL. The 
charging and discharging of capacitor C2 tends to smooth 
out the voltage fluctuations and reduce the rippie ampli- 
tude (Er) applied to the load: The final result is the 
waveform shown in part C of the illustration. The average 
value of voltage developed across capacitor C2 and load 
resistance Rr is always less than the average value of 
voltage across capacitor Cl, because of the voltage drop 
occurring across the filter resistor, Rl. When the load 
current is even moderate, an R-C filter is not normally 
used, because the voltage drop across the series 
reststor, 21, becomes excessive for most applications. 
The output from a pi-se€tion R-C filter may contain 
an amount of ripple which is considered excessive for the 
equipment application. By adding another series filter 
resistor, R2, and a shunt capacitor, C3, to the basic 
capacitor-input filter, the ripple component across the 
load resistance can be further attenuated, However, 
the addition of series resistors incteases the voltage drop 
within the filter, resulting in poorer regulation and a 
decrease in output voltage. For these reasons, the 
number of sections that may be added, as well as the size 
of the resistors, is limited. As shown in the accompanying 
illustrations, the added R-C filter components, R2 and C3, 
tesemble an inverted letter L. 
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FAILURE ANALYSIS. 

General. The shunt capacitors are subject to open 
circuits, short circuits, and excessive leakage; the 
series filter resistors are subject to changes in value 
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and, cccasionally, to open circuits. Any of these troubles 
con be easily detected. 

The input capacitor has the greatest pulsating volt- 
most susceptible to voltage surges, 
oe voltage applied: as a result, the 


quentiy subject to voltage break- 
The remaining shunt caoacitor(s) in 
: 


t to volta: urges because 
t to voltage surges because 


ties filter a 


nowever, a 
shorted. 
Shorted capacitors or an open filter resistor will 
result in a no-output indication. An open Hlter resistor 
will result in an abnormally hight 


eat the input 


y capacitors or filter resistors that hove increased in 
value wilf result In a low d-c output voltage. Open 
capacitors, capacitors which nave iost their effectiver 


ak wes eet 
venting REEVE f 


fethes output of the 


supply. 

fith the supply voltage removed from the input to the 
filter circuit, one terminal of each capacitor can be 
disconnected from the circuit. Each capacitor should 
be checked, using a capacitance analyzer, to determin 
its effective capacitance and leakage resistance. It 
is important that correct polarity be observed at all 
times. A decrease in effective capacitance or losses 
within the capacitor can cause the output to be below 
normal and also cause excessive ripple amplitude. The 


value 0 ef resistors can be checke: 


veeleation of leakage resistence can be abt i 
using cn ohmmeter. Hesistance jneusurements can be 
mode across the terminals of the capacitor to determine 
whether it is shorted, open, or teak. When testing 
lytic capacitors, set the onmmeter to 
range and connect the test prods across the 
pein careful to observe polarity. This is i 


aed é fe 
is HOt Observed, an incoirec 


hen the tast orads qre first 


arge deflection of the meter takes place, 


connected, a 


aud then ie pointer igtuuis a foward the i 


1 


iG VSLtRgENE! 4G WoL, ck, 


circuited ca Sha 


Mwesla a scat Marans 
4 vieudy full-scale deflection of the pointer at acre 
ohms indicates that the capacitor being tested is short- 


where Delweer Apr: OG: iiet 


acceptable value. (Be certain tnis reading is nor causea 
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by an inscircuit shunting part.) To be valid, these 
capacitor checks should be made with the capacitor 


letely connected from the circuit in which it 
operates, 
In high-voltage filter capacitor applications, paper 


and oil-filled capacitors are used, as also are mica 

and ceramic cacacitors (for iow-capacitance values). 

in this case, polarity is of no importance unless the 
capacitor terminals are marked + or ~. It is, however, 
good muintensnce practice to use the output polarity of 
the circuit as a guide, connecting positive to positive 
TESTE: to neyative. Thus any effects of polarity 
mized and the possibility of 
ponents or test equipment is avoided. 

“3 apaciter ratcing ite nolerity 
harge for ong periods ot time. lobe 
sufe, di hacae ihe cou 
power OFF 


sltur tu be tested with 


mine whether a capacitor is at fault is to substitute 

a known good capacitor of the same value and voltage 
rating and note whether the circuit operation returns 
to normal. 


L-C CAPACITOR-INPUT FILTER. 


APPLICATION. 

The I.-C capacitor-input filter is one of the most 
commonly used filters. This type of filter is used 
marily in radio receiver and small audio amplifier 


power suppl es, and in any type of power supply where 
Pola puss faces 


iow ama the icad 


inductor, and shunt output capacitor. 
Filtering ett:ciency increases as rippie frequency 


ge is greater than that o f choke-input 


mk KER awe ean 
po GET eg 
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wave OF a fuli-wave (sinyle-pidse) rect, 
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L-C Copacitor-Input Filter and Waveforms 


half, but is still much less than the peak amplitude of 
the rectifier-output waveform. With no filter circuit 
connected across the output of the rectifier circuit 
(untiltered), the waveform has a large value of pulsat- 
ing component as compared with the average {or d-c) com- 
ponent. 

The filter shown in the schematic of the illustration 
consists of an input filter capacitor, Cl, a series 
inductor, L, and an output filter capacitor, C2. It is 
called a capecitor-input filter, and is often referred 
to as a pi-section filter because the configuration of 
the schematic resembles the Greek letter 77. 

Capacitor Cl is placed at the input to the filter, 
and is in shunt with the output of the rectifier cir- 
cuit; capacitor C1 exhibits the same filtering action 


in this circuit that Cl does in the R-C CAPACITOR-INPUT 


FILTER, described earlier in this section of the hand- 
book. In the capacitor-input tilter, the major portion 

of the filtering action is accomplished by the input 
capacitor, Cl. The average value of voltage across the 
input capacitor, Cl, is shown in part B of the illustra- 
tion for the half-wave and full-wave rectifier circuits. 
Note that the average value of voltage across capacitor 


my 


Cl is greater than the average value of voltage for the 
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unfiltered output of the rectifier, shown in part A. 

The value of the input capecitor is relatively large 

in order to present a low reactance (X-) to the pulsat- 
ing current and to store a substantial charge. The 
rate of charge for the capacitor is limited only by the 
impedance of the a-c source (transformer) and the inter- 
nal resistance of the rectifier, both of which are 
relatively low; therefore, the R-C charge time constant 
for the input circuit is relatively short. As a result, 
when the pulsating voltage is first applied to the 
capacitor-input filter, capacitor C1 charges rapidly 
and reaches the peak voltage within the first few 
cycles. The charge on capacitor Cl approximates the 
peak value of the pulsating voltage when the rectifier 
is conducting, but when the rectifier output falls to 
zero, the capacitor partially discharges through the 
series inductor, L, and the load resistance, Ri, during 
the time the rectifier is nonconducting. The larger 

the value of the input capacitor, C1, the better the 
filtering action; however, there is a practical 
limitction to the maximum value of the capacitor. If 
the peak-current rating of the rectifier is exceeded 
during the charging time for the capacitor, the rectifier 
will be damaged; for this reason, a compromise in the 
value of the capacitor‘is necessary in order to keep 
the maximum charging current within the peck-current 
rating of the rectifier. 

The inductor (or filter choke), L, serves to maintain 
the current flow to the filter output (capacitar C2 and 
load resistonce Ri) at a nearly constant level during the 
charge and discharge periods of input capacitor C1. 

The rate of discharge for capacitar Cl is determined by 
the d-c resistance of the filter choke, L, and the load 
tesistance, Ri, in series. The average value of volt- 
age developed actoss capacitor C2 and load resistance 
Rr is somewhat less than the average voltage developed 
across capacitor Cl. As the !oad current is increased, 
the voltage drop across inductor L increases because 
of the internal d-< resistance of the inductor. Also, 
there is a decrease in the discharge time constant for 
capacitor Cl which, in tum, results in a decrease in 
the average value of voltage across C1 because of the 
greater discharge between rectifier pulses; thus, the 
average voltage across output capacitor C2 is also 
reduced. 

Series inductor L and capacitor C2 form a voltage 
divider across capacitor Cl. As far as the ripple com- 
ponent is concerned, the inductor offers a high imped- 
ance and capacitor C2 offers a low impedance to the 
tipple component; as a result, the ripple component, 

E,, appearing across the load resistance is greatly 
attenuated. Since the inductance of the filter choke 
opposes changes in the value of the current flowing 
through it, the average value of the voltage produced 
across the output capacitor, C2, contains a much smaller 
value of ripple component, Er, as compared with the value 
of ripple produced across the input capacitor, Cl. Since 
inductor L operates in conjunction with capacitor C2, if 
either filter element is decreased in value, the other 
must be increased accordingly to maintain the same 
degree of filtering. The pulsations across capacitor C2, 
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which are present in spite of the action of capacitor Cl 
and inductor L, cause C2 to charge and discharge in the 
same manner as Cl. The final result is the waveform 
shown in part C of the illustration. 

Some electronic equipments require a high degree of 
filtering, while other equipments are not critical in 
this respect. The output from a single shunt-capscitor 
an R-C or L-C capacitor-input (single 
filter, may contain an amount of ripple which 


pi-section) 


is considered excessive for the equipment application. 
When this is the case, it is necessary to use additional 
filtering to further attenuate the ripple component and 
reduce the ripple content toa minimum. By adding 
snother series inductor (L2) and shunt capacitor (C3) to 


, the added filter 


shown in the accompanying ilh 
components, L2 and C3, are called an L-section filter 
because the schematic a ion resembles an inverted 


letter L. 
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Capacitor-Input Filter with L-Section Added 


In a practical filter circuit, the reactance of the 
additional shunt capacitor {c) is much less than the 
reactance of the addition! series inducter, L2, and of 
the load resistance, “i. Therefore, each Teseccion 
filter which is added to the basic filter further reduces 
the output ripole amplitude. When using a multiple-section 
filter, the operating voltage may be taken from each 
separate filter section. However, when the L-section 
{L2 and (3) is added to the basic filter circuit, the 
regulation of the sn gel suffers, because adding Tesist- 
> the load causes qrenter variation 


a capacitor: input 
(as compared si ac 
teason, the use of a capacitor-input filter is usually 
restricted to law-current anplications such as 
receivers, amplif he like, where the load 
current is reiativ constant. 

Detailed Circuit Gperation. Consider now a complete 
cycle of operation, using a single-phase, full-wave 
cirenit ta supply the input voltage to the 


The rectifier voltage is developed across 
capacitor Cl. The ripple voltage in the output of the 
filter is the alternating component of the input volt- 


(me precealig wisi 
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Each time the plate of ine rectifier goes positive 
with respect to the cathode, the tube conducts and C1 
charges to the peak value of the voltage less the inter- 
nal voltage drop in the tube. Conduction occurs twice 
during each cycle for a full-wave rectifier; for a 60- 
cycle supply this produces a 120-cycle ripple voltage. 
Although each tube alternates (first one conducts while 
the other is nonconducting, and then the other conducts 
while the first one is nonconducting), the filter input 
voltage is not steady. As the positive conducting plate 
voltage increases (on the positive half of the cycle}, 
capacitor Cl charges rapidly, the charge being limited 
only by the transformer secondary impedance and the 
tube forward (platesto-cathéde) tesistance. During the 
nonconducting interva! (when the plate voltaye drops 
peiow the capacitor charge vuiluge), ch discharges 


through choke L and load resistance 


path is an R-L iong-time-constant path; thus Cl ‘dis- 
rharqes much more slowly than it charges, as indicated 
by the waveforms in the illustration above. in this 
respect, the action of Cl is similar to that of the 
shunt-capacitor filter described previously in this 
section, with one exception. This exception is the 
effect of choke L. 

Choke L is usually chosen to be a large value, on the 
order of 10 to 20 henries, and offers a large inductiv 
reactance to the 120-cycle ripple component eee by 
the rectifier. Thus each time C] starts to discharge, 
the inertia of the choke inductance effectively opposes 
a change in theripple current through L. As far as 
ine d-c component of this voltage is concemes, it is 
affected only by the time constant consisting of the d-c 
resistance of L and RI in series with Cl. 

The effect of L on the charging of capacitor 2 must 
now be considered. Since C2 is connected in parallel 
with Cl through choke L, any charge on Ci will also tend 
to charge C2. However, both ie impedance and resist- 
ance of L are it seties with C2, and a voltage division 
of both the ripple (a-c) voltage and dec output voltage 
occurs. The greater the impedance of the choke to the 
ripple frequency, the less the ripple voltage appearing 
across C2 and the output. The d-c output voltage is 
fixed mainly by the d-c resistance of the choke. For 
each specific value ot cusrent there is a voltage arop 
across the choke, Thus the d-c voltase across C2 is 
always less thon that across Cl (the higher the output 
current, the lower the voltage : 
is supplied from Ci, which 
itages produced oy Me charge ana aiscn 
(the ripple voltage}, C2 ciso foliows this charge and 
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action is smoothed cut oy the tonger tum ne constant. 


AS Can Be seen iro 


tration above, the 


versal) effect is to provide a purer 
direct current (less ripple). 


FAILURE ANALYSIS. 
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inducte; ire subject to open windings and occasionally 


shortec 4 9 short circuit to the core. 

The i acitor has the gtectest pulsating volt- 
age app.’ - to it, is the most susceptible to voltage 
surges, © az @ generally higher cverage voltage 
applied; ~ ‘sult, the input capacitor is frequently 
subject .° 2itage breakdown and shorting. The output 
Capacitor . not as susceptible to voltage surges be- 
cause of . : protection offered by the series inductor, 


but the cu; icitor can become open, leaky, or shorted. 

A shor +d capacitor, an open filter choke, or a 
choke win :ing which is shorted to the core results in 
a ne-outp .c indication. A shorted capacitor, depending 
on the magnitude of the short, may cause a shorted 
rectifier, transformer, or filter choke. When proper 
precautions are taken, it may only blow a protective 
fuse. An open filter choke results in an abnormally 
high d-c voltage ct the input to the filter and no 
voltage ct the output of the filter. A leaxy or open 
Capacitor in the filter circuit results in a low d-c 
output ve!.aje; this condition is genera}ly accompanied 
by an excessive ripple amplitude. Shorted turns in the 
winding 2' 1 j!ter choke reduce the effective inductance 
of the che 2 ind decrease its filtering efficiency; as 
a result,’ « .ipple amplitude increases. 

With t supply voltage removed from the input to the 
filter cir: t, one terminal of each capacitor can be 
disconne 2d from the circuit. Each capacitor should 
be chec<: !, using a capacitance analyzer, to determine 
its effest ve capacitance and leakage resistance, being 
coreful always to ckserve correct polarity. A decrease 
in effective capzcitaice or losses within the capacitor 
can cause the c tc 92 below normal and also cause 
excessive rippis tude. 

Ifa suitable sapsc.snce analyzer is not available, 
an indication of !eakcge zesistance can be obtained by 
using an okmme istance measurements can be made 
across the terminals <1 the capacitor to determine 
whether it is short.si or leaky. If the capacitor is 
of the electrolytic 42, the resistance measurement 
may vary, dependi-j on the test-lead polarity of the 
ohmmeter. Therefore, two measurements must be made, 
with the test leacs reversed at the capacitor terminals 
for one of ‘ements, to determine the larger of 
the two te measurements. The larger resistance 
od as the measured value. 
which can be used to quickly determine 
1 is at fault is to substitute c known 
citer of “se same value and voltage rating and 
er the circuit operation returns to normal. 


L-C CHOKE-INPUT FILTER. 


APPLICATION. 

The &-C che<sinput filter is used primarily in power 
supplies wirere voltage regulation is important and where 
the outpui Current is relatively high and subject to varying 
load conditions. The filter is used in high-power applica- 
tions such “1s those found in the power-supply citcuits of 
radar and communication transmitters. 
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CHARACTERISTICS. 

Filter is composed of series input inductor and shunt 
output Capacitor 

Filtering efficiency increases as ripple frequency is 
increased, 

Output voltage is less than that of capacitor-input filter; 
output voltage from filter approaches average value of volt- 
age from rectifier at filter input. 

Regulation of rectifier-type power supply is good with 
this type of filter; further improvement in regulation 
characteristics con be realized with swinging-choke input 
inductor. 

Rectifier output current approaches maximum rated cur- 
Tent; output current is generally greater than that of capo 
citor-input filter. 


CIRCUIT ANALYSIS. 

The accompanying illustration shows «=m L-C choke 
input filter and the waveforms obtained from a single-phase, 
full-wave rectifier circuit. 
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L-C Choke-Input Filter and Waveforms 


The output from a single-phase, half-wave rectifier 
circuit is not illustrated because the chokeinput filter is 
seldom used with this circuit. The unfiltered output 
obtained from three-phase, nalf-wave and full-wave rectifier 
circuits produces o higher average voltage and ripple fre- 
quency; however, the principle of filter action is essentially 
the same as that illustrated for the single-phase, full-wave 
rectifier; therefore, these waveforms are not illustrated. 

The waveform given in part A represents the unfiltered 
output from a typical single-phase, full-wave rectifier cir 
cuit when current pulses flow through the load resistance 
each time the rectifier conducts. Note thot the dashed line 
indicating the average value of output voltage, Eay, is 
slightly greater (0,637) than half the amplitude of the volt- 
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age peaks. With no filter circuit connected across the out- 
put of the rectifier circuit (unfiltered), the waveform has a 
large value of pulsating component as compared with the 
average (d-c) component. 

The filter shown in the schematic of the illustration 
consists of an input inductor or filter choke, L, and an out- 
put filter capacitor, C. The filter illustrated is called a 
choke st filter, ond is often referred to as an L-section 
filter because the schematic configuration resembles an 
inverted letter L. 

Inductor L is placed at the input to the filter and is in 
series with the output of the rectifier circuit. Since the 
action of an inductor is to oppose any change in current 
flow, the inductor tends to keep a constant current flowing 
to the lood throughout the complete cycle of the applied 
voltage. As a result, the output voitage never Teaches the 
peok value of the applied voltage; instead, the output volt 
age approximates the average value of the input to the 
filter. Also, the reactance of the inductor (Xi) reduces 
the amplitude of ripple voltage without reducing the d-c 
output voltage an appreciable amount. 

The shunt capacitor, C, charges and discharges at the 
tipple frequency, but the amplitude of the ripple voltage, 
E;, is relatively small because the inductor, L, tends to 
keep a constant current flowing from the rectifier circuit to 
the load. The reactance of the shunt capacitor {Xc} pre 
sents a low impedance to the ripple component existing at 
the output of the filter, and the capacitor attempts to hold 
the output voltage relatively constant at the average value 
of the voltage. Since the reactance of the series inductor 
{Xi} is greater than the reactance of the shuni capacitor 
(Xe), and the reactance of the shunt capacitor (Xc) is less 


thun the load resistance, Ri, the amplitude of the rir le 


rent of the rectifier depend upon the inductance of the choke 


and the resistance of the load. The minimum value of in- 
duyctance necessary to keep the output voltage from in- 
creasing above the average value of rectified ac is called 


the critica! value of inductance, If the inductance of the 
terat £ 


choke is less than the critical value for the 
circuit, the filter acts : ‘i r 
the output voltage will rise above the average value, 

The critical value of inductance is given py the expres 


sion: 


t filver ond 


re like a cana! 


Ly = critical inductance in henries 
Fou: = output of power supply in volts 
vt drawn from power supply i 
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of inductance 
aue of induct 

wement in pet- 
the optimum 
yas is con- 


through the inductor. Increasing the + 
above a certain value, called the opr’ 
ance, does not provide any apprecic 
formance or filtering efficiency. I. ~ 
value of inductance for a given se* 5 
sidered to be twice the critical value ctance. 

The value of inductance require: iilter varies 
directly with the effective loud resiawt. GLa © 
inductance of a filter choke varies inve sely with © 
flowing through it, on inctease in the load resistc causes 


the ratio of peak-to-average current to decrease; atsely, 
a decrease in the load resistance causes the rati deak- 
to-average current to increase. 

The regulation characteristics of a power sv ising 
a choke-input filter can be improved by the us wing 
ing choke os the input inductor. A swinging 7 
choke whose inductance varies inversely witi tc 
the current flowing through it over the specifi: atin 


rance. Tt is designed to have slightly more tha. > critical 
value of inductance at full ioad and an opumum value oi 
inductance at no load, This characteristic maintuins the 
peak-to-average current ratio within certain limits over a 
considerable range of changing load currents, and results 
in improved regulation for the supply. 

The choke-input filter is widely used in electronic 
equipments where the power supply is required to deliver 
relatively high values of current to the ioad with a 
regulation characteristics. In some cases the eg vent 
requires a high degree of filtering, while in othe es the 
equipment is not critical in this respect. eo from 

Z Pas 1 


flog, f 


a single choke-inpu! 
an amount of ripple which is considered exces: w the 
equipment application. ‘when this is the case eces- 


y to use additional filtering to turther atte ° 


le component. By adding another series , 22, 
and a shunt capacitor, C2, to the basic che ilter, 
the ripple component across the load resist @ 
further attenuated. “As shown in the accompe Stress 
tion, the added filter components, L.2 and 02, are ed an 
L-section filter because the schematic cor i 


sembles an inverted letter L. 
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further reduces the output ripple amplitude. However, 
when the L-section, L2 and C2, is added to the basic filter 
circuit, the regulation of the supply suffers somewhat be- 
cause the added resistance of inductor L2 is in series with 
the load and thus causes a variation of the output voltage 
when changes in load current occur. Although the voltage 
regulation of a power supply using a choke-input filter cir- 
Cuit is good (as compared with the capacitor-input filter), 
the regulation con be further improved if inductor L1 is a 
swinging choke. ‘In fact, the circuit may be designed to 
over-regulate, in which case the rise in average voltage 
across capacitor Cl compensates for the additional voltage 
drop occuring across inductor L2; as a result, the output 
voltage tends to remain constant. ° 

The inductance of any iron core inductor shows ¢ marked 
decrease as magnetic saturation is reached. The core of 
ordinary inductors is designed so that saturation occurs at 
a value just above the maximum current rating. Swinging 
chokes are generally designed to have one or more air gaps 
in the laminated core. The accompanying diagram illustrates 
@ swinging choke which has two air gaps—one large and 
one small, (The sizes of the gaps are exaggerated in the 
illustration.) 


LAMINATED CORE 


LARGE AIR 
GAP 


Swinging Choke with Two Air Gps 


‘The purpose of the large gap is to provide effective induct- 
ance at the largest currents, while that of the small gap is 
to assure high inductance at the smallest currents. Satura 
tion of the core starts at some specified current; at full 
rated current, saturation is almost complete. Swinging 
chokes are tated to indicate the variations of inductance 
with variations of current through the coil. “A rating of 15 
to 3 henries at 25 to 250 ma, for example, means that the 
value of inductance is 15 henries at 25 ma, and reduces to 
only 3 henries at 250 ma, ‘When handling small currents, 
the swinging choke functions as a conventional choke-input 
filter. For larger currents, where the output voltage tends 
to drop, the inductance decreases and the filter starts to 
approach the characteristics of a capacitor-input filter. 
Because the decrease in inductance permits the capacitor 
to charge more nearly to the peck value instead of the 
average valve, the loss of voltage in the d-c resistance of 
choke L2 is thereby compensated for, and the output voltage 
tends to remain constant. As aresult, regulation is greatly 
improved. 

The output voltage available from a power supply using 
a choke-input filter circuit is much less than that obtained 
with a copacitor-input filter. However, since the input 
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choke opposes a rapid build-up of current, there are no 
abrupt peak-rectifier currents with the choke-input filter, as 
there are with the capacitor-input filter. Therefore, the 
rectifier can deliver a higher continuous current to the 
load without exceeding its maximum sefe ratings. 

Detailed Circuit Operation, Consider now one cycle of 
operation of the basic choke-input filter, as illustrated 
previously with waveforms. 

The input to the filter circuit is the output of the single- 
phase, full-wave rectifier. The rectified pulses applied to 
the filter are as shown in part A of the illustration. During 
the rising portion of the input voltage, choke L produces a 
back emf which opposes the constantly increasing input 
voltage. The net result is to effectively prevent the rapid 
charging of filter capacitor C. Thus, instead of reaching 
the peak value of the input voltage, capacitor C is charged 
only to the average value of input voltage. After the input 
voltage reaches its peak and decteases, the back emf tends 
to keep the current flowing in the same direction, in effect 
broadening the peak. 

During the tising portion of the pulse, the current flow 
through L is reduced, and during the falling portion of the 
pulse, the current continues to rise until the diminshing 
energy of the pulse as it approaches zero becomes insuffi- 
cient to maintain the current, which then commences to 
decrease. 

When the next pulse starts, the back emfis still opposing 
an increase in current, and the current continues to decrease. 
(The choke, in effect, shifts the ripple peaks almost 90 
degrees with respect to the rectifier output.) When the 
rectified pulse nears the peak value, the rate of change and 
the inductive effect decreases, and once again the current 
through L starts to rise. This cycle of operation is con- 
tinuously repeated during the time the circuit is energized 
and rectified pulses ore applied to choke L, -The fluctuat- 
ing voltage which results from the action of choke L appears 
across capacitor C and load resistor Ry in parallel. The 
low reactance of the capacitor to this ripple voltage eftect- 
ively bypasses the ripple voltage to ground, so that the 
amplitude of the ripple voltage in the filter output is 
significantly reduced. - 

The voltage across C is the d-c component or output 
voltage, and is produced by the charging of C through L. 
Essentially, the charging of C is controlled by the value 
of the time constant, consisting of the d-c choke resistance 
in seties with C. Such a typical time constant is on the 
order of tenths of a second or seconds rather than micro- 
seconds or milliseconds. Thus it takes many cycles of 
operation to charge C. The discharging of C through the 
load is usually slower than the charge time, since the load 
tesistance is normally greater than that of the choke, 
Therefore, the output voltage tends to remain fairly constant. 
The choke-input filter is effective in reducing the ripple 
voltage because choke L and capacitor C act as an ec 
voltage divider for ripple voltage. With the impedance of 
L high and the impedance of C low, any ripple voltage 
appearing across C is small, because of the large voltage 
drop actoss L, and is effectively bypassed around the load 
by the low value of Xq 
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FAILURE ANALYSIS. 

General. The shunt capacitors are subject to open 
circuits, short circuits, and excessive leokage; the series 
inductors are subject to open windings and, occasionally, 
shorted turns or a short circuit to the core. 

Shorted tums in the input choke may reduce the value of 
inductance below the critical value of inductance; this will 
result in excessive peak-rectifier current, accompanied by 
an abnormally high output voltage, excessive ripple ampli- 
tude, and poor voltage regulation. Shorted turns in the 
smoothing choke (in the case of a multisection filter) will 
reduce the effective value of inductance; this will result in 
less filtering efficiency, with an attendant increase in the 
output tipple amplitude. An open filter choke, or a choke 
winding which is shorted to the core, will result in a no- 
output condition. A choke winding which is shwited to the 
core may cause overheating of the tubes, blown fuses, etc. 

The shunt capacitor(s} in the choke-input filter is not 
subjected to extreme voltage surges because of the protect- 
ion offered by the input inductor; however, the capacitor can 
become open, leaky, or shorted. An open capacitor results 
in excessive ripple amplitude in the output voltage; a 
leaky capacitor results in a lower-than-normal output volt- 
age, and a shorted capacitor results in @ no-output condition, 

With the supply voltage removed from the input to the 
filter circuit, one terminal of the capacitor can be discon- 
nected from the circuit. The capacitor should be checked, 
using a capacitance analyzer, to determine its effective 
capacitance and leakage resistance. Jt is important thet 
correct polarity be observed at all times, A decrease in 
eifective capacitonce of iosses within the cupu 
cause the filtering efficiency to decrease and produce 
excessive ripple amplitude, 

If a suitable copacitance analyzer is not available, an 
indication of leakage resistance can be obtained by using 
an ohmmeter. Resistance meosuzements can be made 
across the terminals of the capacitor to determine whether 
it is shorted, open, or leaky. When testing electrolytic 
capacitors, set the ohmmeter to the high range and connect 
the test prods across the capacitor, being careful to observe 
polarity. This is important because current flows with 
less opposition through an electrolytic capacitor in one 
direction than in the other. ‘If the correct polarity is not 
observed, an incorrect reading will resuit, ‘When the test 
prods are first connected, a large deflection of the meter 
takes place, and then the pointer returns siowly toward the 


ols. 


de, the ‘inal eosin ai on ine chmmeier Should be ever SCC,U0 
ohms. (A rough rule of thumb for high-vo. age capaci 
tS Ot ieast iUuG OnMS pei Wile} Low: 
¢copacitors (below 100 volts rating) should indicate on ine 

100,500 oF 

Ti no deflection is opiain: 
ing the resistance check explained above, on open-circuitea 
capacitor is indicated. 

A steady full-scale deflection 
ohms indicates that the capacitor | 
circuited. 
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able value. (Be certain this reading is not caused by an 
in-circuit shunting part.) To be valid, these capacitor 
checks should be made with the capaciter completely discon- 
nected from the circuit in which it operates. 

In high-voltage filter capacitor applications, paper and 
oil-filled capacitors are used, as are also mica and ceramic 
capacitors (for low-capacitance values). In this case, 
poiarity is of no imporiunce unless the capacitor terminals 
are marked + or -. ‘It is, however, good maintenance 
practice to use the output polarity of thecircuit cs a guide, 
connecting positive to positive and negative to negative, 
Thus any effects of polarity on circuit tests are minimized 
and the possibility of damage to components or test equip- 
ment is avoided, Remember-an undischarged capacitor re- 
tains its polarity and f nolds its charge for long periods of 


time. To be safe, di 
the power OFF before conneeding test equipment or dis 
connecting the capacitor. 

A simple check which can be used to quick]; 
whether @ capacitor is at fault is ic Subst tute 
good capacitor of the same vulue and voltage rating an: 
note whether the circuit operation returns to normal. 


ested with 


RESONANT FILTER. 
APPLICATION. 


The resonant fliter is quite Limited in its application to 
power-supply filter systems. It is normally used in con- 
junction with L-type or pi-type filter sections, rather than 
by itself, since it is designed to offer maximum attenuation 


Cuency, 
quency. 


} 
only to t 


CHARACTERISTICS. 

Parallel-resonant iilter is composes of an inductor and 
< capacitor in parallel: series-resonant tilter is composed of 
an inductor and a capacitor in series. 

Filter is resonant at fundamental frequency of ripple 


voltage. 


oltage, 


Peraltlel-resonant filter offers maximum impedance at 
resonance; series-resonant filter offers minimum impedance 
at resonance, 


Porallel-resonant filte: requires CoOnstont load current. 


CIRCUIT ANALYSIS. 
General. For special applications where maximum at- 
tenuation of the ripple Tequency, 1s desired, 


© resonant 


reused, theireconen 


Sections, 


thetthe 


A disadvantage of the paruliei-resonant filter 
inductance is subject io change when the lead current is 
changed. Since the load current must flow Uuuyl the br 
e parallel-resonant filter. this current deter- 


iently, affects 
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Porallel-Resonont Filter. The accompanying illustre 
tion shows a parallel-resonont filter, sometimes called a 
parallel-resonant trap, used in two typical power-supply 
filter circuits. 

The circuit in part A.shows a parallel-resonant filter, 
LI and Cl, used with an L-section filter, L2 and C2; the 
the circuit in part B shows a parallel-resonant filter, L1 
and Cl, used in conjunction with a shunt input capacitor, 
C2, and a shunt output capacitor, C3, ‘Note that in both 
filter circuits the load current must flow through inductor 
L1 of the parallel-resonant filter. 

The parollel-tuned circuit, Ll and Cl, is made reso- 
nant at the fundamental ripple frequency. When this is 
done, the fundamental ripple-frequency component is greatly 
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Typicol Power-Supply-Filter Circuits Using 
a Parallel-Resonant Filter 


attenuated because of the extremely high impedance offer- 
ed by the parallel-resonant circuit. ‘In a practical filter cir- 
cuit, the inductor is fixed in value and one or more specific- 
value capacitors are selected and placed in parallel with 
the inductor to obtain exact resonance at the ripple fre 
quency. ‘In a few special cases, and also when the ripple 
frequency is relatively high, the capacitor is fixed in value 
and the inductor is made variable. In either case, hawever, 
if the load current through the inductor should change from 
the design value of current, the inductance of L1 will 
change and the circuit will no longer be resonant at the 
ripple frequency. The circuit loses its effectiveness 
rapidly as the load current is changed from the design value 
and the circuit is detuned from resonance. At resonance, 
the filter offers maximum impedance to the ripple-frequency 
component. ‘The filter provides less attenuation ct other 
frequencies; it has a progressively lower impedance, both 
above and below the resonant frequency, the farther the 
frequency is from resonance. Therefore, the parallel- 
resonant filter is nearly always used with additional filters 
to overcome this disadvantage and effectively attenuate 
harmonic frequencies. 

In the circuit shown in part A, the parallel-resonant 
filter, Ll and Cl, is connected in series with the output of 
the rectifier circuit and ahead of on L-section filter, L2 and 
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C2, The L-section filter circuit has the general character- 
istics previously described for the L-C CHOKE-INPUT 
FILTER, in this section of the handbook. The ripple-fre- 
quency component from the rectifier output is attenuated 
by the high impedance offered to the ripple frequency by 
Ll and Cl, and the remaining fluctuations in the form of 
harmonic frequencies of the fundamental ripple frequency are 
attenuated by the L-section filter, L2 and C2. -The upper 
waveform in part A of the accompanying illustration shows 
the shape of the output voltage obtained from a single-phase, 
half-wave rectifier. The frequency of the ac input voltage 
is assumed to be 60 cps. ihen the rectified output is ap- 
plied directly to the input of the parallel-resonant filter, 
the fundamental ripple component is highly attenuated in 
the output of the filter. This is shown by the lower wave- 
form in part A, 

In the circuit shown in part B, the parallel-resonant 
filter, L] and Cl, is located between two shunt capacitors, 
C2 and C3, This filter circuit has the general character- 
istics previously described for the L-C CAPACITOR- 
INPUT FILTER, in this section of the handbook. The 
tipple-frequency component which remains after being re- 
duced in amplitude by the action of shunt capacitor C2 is 
further attenuated by the impedance offered by the parallel- 
Tesonant filter and any remaining fluctuations are smoothed 
by shunt capacitor C3, The upper waveform in part B of 
the illustration shows the shape of the output voltage of a 
single-phase, half-wave rectifier, developed across C2. 
The frequency of the a-c input voltage is assumed to be 
60 cps. When the voltage developed across C2 is applied 
to the input of the parallel-resonant filter, the fundamental 
ripple component is greotly attenuated and appears in the 
filter output as shown by the lower waveform in part B, 
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The circuits shown in parts A and B of the illustration 
above have one important disadvantage, mentioned previously; 
that is, changes in load current affect the filtering effici- 
ency of the parallel-resonant filter by changing the induct- 
ance and thus detuning the circuit from resonance. Ina 
practical filter circuit, this effect cam be tolerated for 
small changes in load current by making inductor Li small 
as compared with capacitor Ci, so that the detunifig will 
be minimized. 

Series-Resonant Filter. The accompanying illustration 
shows a series-resonant filter, sometimes called o series- 
resonant shunt filter, used in a typical power-supply filter 
circuit. 
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Typical Power-Supply-Filter Circeit Using a 
Series-Resonant Filter 


The series-resonant filter is composed of L1 and Cl in 
series, The filter is used in conjunction with an input in 
ductor, L2, and an L-section filter, L3 and C2. ‘Note that 
the circuit is essentially a choke-input filter with two L- 
sections; the first L-section includes the series-resonant 
filter used as a shunt element instead of a shunt capacitor. 
The series-tuned circuit, Li and Ci, which is made reson- 
ant at the fundamental ripple frequency, offers extremely 
low impedance to the ripple frequency atresonance. The 
bypassing action of the resonant filter to the fundamental 
ripple-frequency component is, therefore, much better than 
that obtained with a shunt capacitor alone, since the capaci- 
tive reactance {Xc) of a shunt capacitor alone wili normally 
be greater than the impedance of the series-resonant filter. 
The filter circuit illustrated has the some general character- 
istics previously described for the L-C CHOKE: INPUT 
FILTER, in this section of th t i 
quency component which remains aiter passing thro 
ductor L2 is bypassed by the sesonan: er, Ll and Cl; 
the remaining fluctuations cre further smoothed by the L- 
section filter, L3 and C2. 

The series-resonant filter must always be used with an 
input inductor (L2) in series with the rectifier output. If 
the series-resonant filter were shunted directly across the 
rectifier output, the filter would act as a short circuit (low 

damental ripple fre yi and cause 
sesh myrren 


to flow: these cur- 
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rents, in tum, would damage the rectifier. In a practical 
filter circuit, the inductor (L1) is fixed in value, and one 

or more specific-value capacitors (Cl) are paralleled and 
placed in series with the inductor to obtain exact resonance 
at the ripple frequency. At resonance, the filter offers 
extremely low impedance to the ripple frequency component, 
but the filter provides very little bypassing action at other 
frequencies; it has.u pioyressively higher impedence, both 
above and below the resonant frequency, the farther the 
frequency is from resonance, Therefore, the series-resonant 
filter is always used with additional filter sections to over- 
come this disadvantage and effectively attenuate harmonic 
frequencies, 


FAILURE ANALYSIS 

Genera. when Malyzing the i. 
atisfactorily, it should be remembered that 
resgsance of the filter is most important, and that any 
change in the inductance, capacitance, load current, or 
applied ripple frequency will directly attect the fuitering 
efficiency. The inductors used in a resonant filter con be 
checked for the proper value of inductance {no de) by using 
an impedance bridge; the capacitors can be checked by 
using a capacitance analyzer. 

As previously mentioned, the inductance of the inductor 
{L1) employed in a parallel-resonant filter depends on the 
load current which flows through it; therefore, the load cur- 
rent must be measured to determine that the current is 
within tolerance in order that the porallel-resonant filter 
operate effectively and remain tuned to the fundamental 
tipple frequency. 

Because a resonant filter offers little attenuation to 
higher-order ripple frequencies (harmonics), it is normally 
employed in conjunction with other filter sections, such as 
choke-input or capacitor-input filter sections. Therefore, 
the failure analysis procedures for a power supply filter 
system which con a resonant filter cre essentially the 
same as those given earlier in this section of the handbook 
for the applicable choke-input or copacitor-input filter cit- 
cuit. 


to perfor: 


